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1.0 SUHMARY 


This report presents the results of an experimental analysis (boundary layer 
wind tunnel test) of the aerodynamic forces resulting from winds acting on flat 
plate photo <<'ol talc arrays. Local pressure coefficient distributions and normal 
force coefficients on the arrays are shown and compared to theoretical results. 
Parameters that were varied when determining the aerodynamic forces Included 
tilt angle, array separation, ground clearance, protective wind barriers, and 
the effect of the wind velocity profile. Recommended design wind forces and 
pressures are presented, which envelop the test results for winds perpendicular 
to the array's longitudinal axis. This wind direction produces the maximum 
wind loads on the arrays except at the array edge where oblique winds produce 
larger edge pressure loads. 

The arrays located at the outer boundary of an array field have a protective 
Influence on the Interior arrays of the field. A significant decrease of the 
array wind loads were recorded In the wind tunnel test on array panels located 
behind a fence and/or Interior to the array field compared to the arrays on the 
boundary and unprotected from the wind. The magnitude of this decrease was the 
same whether caused by a fence or upwind arrays. Figure 1-1 shows typical 
envelopes of the wind loads on arrays that are presented in this report. This 
figure Is for arrays Interior to an array field or on the boundary of a field 
when a fence exists to protect the front arrays. Since these loads envelop the 
measured wind tunnel results, they can be used as guideline design steady -state 
wind loads on photovoltaic arrays with wind protection. Similar guideline wind 
loads are given In the report for arrays unprotected from the wind. 

The wind loads on the arrays within two slant heights from the side edges are 
considerably different from the remainder of the array field. Vortices are 
produced by the array corners and at the fence corner If a fence exists. These 
vortices cause local high pressure loads on or near the array edges. Several 
methods to reduce the strength of the vortices and resulting pressures were 
tried with limited success. Endplating the a'*rays (completely enclosing the 
ends of the arrays with a 50% porosity plate to simulate shrubs or gates at the 
array ends) was the most successful In reducing the wind loads on the array 
side edges, decreasing these loads by approximately 50% • Modifying the fence 
corner was also successful but to a lesser extent than endplatinq the arrays. 
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However, the edge pressures are, at best, several times larger than the 
pressure several slant heights away from the side edge. 

Theoretically calculated steady state wind loads were larger in magnitude than 
wind tunnel determined wind loads. Wind tunnel determined wind loads using a 
uniform wind profile and a 1/7 boundary layer wind profile were similar in 
shape and rnagnHude. The magnitude of the wind loads for the uniform wind 
profile, although similar to the boundary layer profile, were not consistently 
larger or smaller than the boundary layer profile results and thus could not be 
used reliably for design purposes in preference t the boundary layer results. 
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2.0 INTRODUCTION 


This report sunmarizes an experiaental analysis (wind tunnel test) of the 
aenxlynaMic loading on long, flat plate photovoltaic arrays resulting from 
exposure to the wind environments, evaluates and compares test results to 
theoretical results, and presents guidelines for aerodynamic loads to be us'^i 
in the design of specific photovoltaic arrays. This report is an extension to 
the theoretical analysis reported in DOE/JPL 954833-79/2. The stu<ly was 
performed under contract number 954833 to the Jet Propulsion Laboratory as part 
of the Engineering Area Task of the Low-Cost Solar Array (LSA) Project. This 
project is being managed by JPL for the Department of Energy. Division of Solar 
Technology. 

2.1 Study Objectives 

The Depariment of Energy (DOE) photovoltaic program^ has the overall objective 
to ensure that photovoltaic conversion systems will contribute significantly 
(50 Owe) to the nation's energy supply by the year 2000. The cost associated 
with the design and construction of solar photovoltaic arrays to produce 
electric energy from sunlight is an important factor in the acceptance and use 
of solar energy. DOE has established specific price goals to produce energy at 
55-92 mills/IOi-h by 1986 (expressed in constant 1980 dollars) which are deemed 
necessary to achieve the desired industry growth and market penetration. 
Therefore, it is necessary in the trade-off phase of system design to ensure 
that the design requirements are realistic. The objective of this study was to 
establish wind load guidelines for flat plate photovoltaic arrays with various 
configurations in relation to chord lengths, arr^y spacings, height of arrays 
from the ground, wind direction, array angles of attack, and with snd without 
protective fences used to reduce the wind loading (see Figure 2-1). Die 
guidelines were to be established by theoretical aero<|ynamic methods and 
experimental techniques. Wind tunnel testing was to be used to verity the 
theoretical results reported in reference 5 and to determine steady state wind 
loads on arrays for conditions that cannot presently be obtained by theoretical 
methods. These loads are required to ensure realistic design requirements. 

PRf CEDING PAGE BlANK NOT nLUfl) 
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2.2 Discussion and Background 


The load due to wind on an array and on its support structure strongly 
influences the design and ultiaately the cost of the photovoltaic panels, panel 
and array support structure and foundations of the arrays. A previous design 
study of flat plate array support structure showed that the arrays (structural 
framework and foundation) costs were of the same order of magnitude as the 
photovoltaic module costs. Furthermore, the array costs were strongly 
dependent on the assimied wind loading for loading in the range of 35 to 75 psf. 
Another study, using transparent inflated enclosures to protect the modules^, 
predicted wind loadings on the enclosures near the low end of the range 
compared to those used in reference 2, and showed significant cost savings 
compared to conventional arrays with similar wind loading criteria. It is, 
therefore, essential to determine the true maximimi wind load that the array 
will experience during its lifetime in order to minimize the structure cost. 

Three factors affect the amount of wind loading on a body: the flow field in 
which the body is placed, the aerodynamic characteristics of the body itself, 
and the dynamic response of the body due to the wind loading. Although the 
structural loads resulting from this latter factor are not totally composed of 
aerodynamic forces (they also include Inertia forces), these structural loads 
do result from the wind loading, or more precisely, the fluctuations in wind 
loading. 

A flow field of the type that would be found around arrays in an array field 
situated in an open terrain, as depicted in Figure 2>2, has three aspects: 1) 

the steady state flow before it encounters any obstacles, 2) atmospheric gusts, 
and 3) turbulence. The steady state flow consists of a shear layer adjacent to 
the ground whose shearing effects decrease with elevation above the ground 
until a uniform flow is attained. The shear layer for most open flatlands can 
be modeled as a 1/7 power law^. Ousting is the result of velocity variations 
and changes in the direction of the prevailing wind due to atmospheric 
instabilities. Turbulence may be caused by several factors. Ousting can cause 
turbulence when adjacent volumes of air are moving at different velocities, 
thus producing a shearing effect. The roughness of the land causes turbulence 
because of shearing effects. An obstacle in the path of the flow can also 
create turbulence by upsetting the flow and thus causing eddies and vortices to 
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foni. In addition, the shape of the body will affect the characteristics of 
the turbulence. Turbulent flow is highly complex, with varying frequencies and 
intensities occurring in a random manner. 

The body in the case of a photovoltaic array consists of modules assembled on a 
framework that is mounted on a support structure (Fig. 2-3). The 
aerodynamic characteristics of an array are the same as those of a flat plate 
when only steady state flow is considered. Mien gusting and turbulence are 
introduced, these characteristics are not as well defined; howevei , the 
aerodynamics for a flat plate are a good approximation in lieu of a more 
detailed structural design. The effect on the array forces due to the flow 
field are a function of the cype of impingement and the resulting pressure 
distribution over the array. Mien the flow is turbulent, the pressure 
distribution and, consequently, the forces exerted on the array are nonuniform 
in frequency and intensity. These forces may cause vibrations in the 
structure resulting in additional structural dynamic forces on the array. 

Since turbulence varies in frequency and intensity, the resulting loading will 
also vary as a function of the frequency and intensity. 

2.3 Study Requirements 

The requirements of this study involve analysis and test within five soecific 
areas. They are: 

1. Wind tunnel test plan. 

2. Wind tunnel test. 

3. Test and theoretical results analysis and comparison. 

4. Modification of theoretical results to reflect empirical results. 

5. Establishment of design guidelines for estimating wind loads on 
photovoltaic arrays. 

The following is a summary of the statement of woilc for Phase III. 

0 Verify the analytic results obtaieud in Phase II and expand the effort 
to establish wind load and pi-essure distributions that can be used 
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as module and support structure design guidelines by performing the 
following four tasks. 

1) Task 1 - Pre-Test Planning 

Review the data requirements from the Phase II work for meeting 
Phase III objectives and optimize the wind tunnel test conditions 
ind configurations that will meet the data reouirements. 

2 Task 2 - Wind Tunnel Testing 

Based on the requirements determined in Task 1, perform the required 
wind tunnel tests. Review the preliminary data during the test 
program and modify the test plan as required to ensure that the data 
requirements are met. 

3) Task 3 - Data Analysis 

a) Compare the wind tunnel results with the results of Phase II and 
determine the validity of the analytically identified key load 
paremeters. b) Modify the results of Phase II to reflect the 
empirical results. 

4) Task 4 - Design Guidelines 

a) Establish design guidelines for estimating the wind loads on the 
support structure as a function of the wind velocity and array 
field configuration. 

b) Establish design guidelines for estimating the pressure 
distribution on flat plate modules for varying wind velocities 
and array field configurations. 

2.4 Report Organization 

The r nainder of this report presents the results of the wind tunnel test and 
its comparison to thj theoretical results presented in reference 5 and the 
proposed design wind loads and conclusions. Section 3.0 presents basic 
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aerodynamic equations, definitions, and nomenclature for use In understanding 
the results. Section 4.0 presents the wind tunnel program and results. A 
comparison of theoretical results to experimental results Is presented In 
Section 5.0. A discussion of the results of Sections 4.0 and 5.0 Is Included 
In Section 6.0 together w1"h conclusions obtained from the results. Section 
7.0 presents array wind load envelopes that may be used for design guidelines. 
New technology and References are outlined In Sections 8.0 and 9.0, 
respective. y. The wind tunnel test report which Includes test description and 
data from the tests conducted at Colorado State University In their 
Neterological Wind Tunnel Facility Is presented In the Appendix. 
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3.0 BASIC AERODYNAMIC EQUATIONS AND DEFINITIONS 


The analyses used in this report required the use of aerodynamic results that 
were calculated in aerodynamic terms. Since these terms may be unfamiliar to 
designers of photovoltaic arrays, this section explains the basic aerodynamic 
terms and nomenclature and defines basic aerodynamic equations to assist those 
without an aerodynamic background to understand the results. In addition, 
synonyms between aerodynamic and solar energy terms are given vdiere 
applicable. 

3.1 Analysis Definitions and Nomenclature 

Aerodynamic coefficients; non-dimensional coefficients. 

pressure coefficient (Cp): relates lifing surface pressure to 

reference freestream dynamic pressure, 

Cp **p/q . 

slope of the pressure coefficient curve; 
relates pressure coefficient to angle of 
attack, Cp * Cpq®* 

ACp net pressure coefficient on lifting 

surface = windward face pressure 
coefficient minus base pressure 
coeffic‘»ent. 

normal force (Fn,F|»|): force normal to the lifting surface 

(positive out of base pressure face). 

normal force coefficient relates lifting surface normal force 
(Cn. C[i|): to reference freestream dynamic pressure 

and reference area, Cn * Fn/^l^. 

Cno slope of the normal force coefficient 

curve, relates normal force coefficient 
to angle of attack, C^ CnqO. 

««ECEDING page bunk not filmed 




lift (L) 

lift coefficient (Cl) 
drag (D) 

drag coefficient ( Cg ) 

center of pressure (X) 
Angle of attack: 

Array: 

Array field: 

Array spacing: 

Aspect ratio (AR): 

Base pressure face: 


force on the lifting surface perpendicular 
to the freestream velocity (positive up). 

relates lift to reference freestream 
dynami c pressure and reference area » Cl * 
L/qA. 

force on the lifting surface parallel to 
the freestream velocity (positive in the 
Mind direction). 

relates drag to reference freestream 
dynamic pressure and reference area, 

Co » D/qA. 

location total force on lifting surface 
measured from the leading edge. 

angle measured from the wind vector to the 
plane of the lifting surface. 

a mechanically integrated assembly of 
panels together with support structure 
(including foundations). 

the aggregate of all arrays. 

horizontal distance measured from one 
array to the identical location on the next 
array. 

aerodynamic geometric parameter (span/chord 
for a rectangular array). 

downwind side of lifting surface. 
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Bluff bo4y: 


Chord (C): 


Dynamic pressure (q): 


Ground clearance (Z): 


Inviscid: 


a nonstreamline body that causes airflow 
about Itself to become separated and 
turbulent. 

distance of array between leading and 
trailing edges and perpendicular to the 
edges, I.e.: slant height of array. 

pressure due to freestream velocity at a 
reference height (q = .5pV^). 

distance between the ground and the 
lowest point on the panels forming the 
array. 

frictionless flow. 


Leading edge (L.E.): 
Module: 

Normal wash, downwash: 
Panel : 

Plate: 

Pressure (p): 

Span (b): 


windward edge of the array. 

the smallest complete environmentally 
protected assembly of solar cells. 

flow of air perpendicular to the lifting 
surface plane. 

a collection of one or more modules 
fastened together forming a field 
Installable unit. 

thin rectangular shaped structure that 
acts as a lifting surfce. 

force per unit area. 

distance of an array between the two side 
edges I.e.: length of array. 
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Tilt Angle: 


angle measured from the horizontal to the 
plane of the array panels. 

Trailing Edge (TE): 

downwind edge of the array 

Viscous: 


flow that has friction. 

Windward fac»»: 


windward side of lifting surface. 

Yaw angle: 


angle measured from wind direction to the 
normal of the array leading edge. 

A: 


reference area of array or portion of the 
array 

i: 


length 

V: 


velocity. 

p: 


air density. 

p: 


coefficient of viscosity. 



area of lifting surface. 

S: 


distance measured along the chord from a 
reference point. 

3.2 Solar Energy - Aerodynamic Synonyms 


Solar Energy 

Aerodynamics Comments 


Tilt angle and 
wind direction 

Angle of attack, Restricted to 

symbol is a horizontal winds 


Slant height 

Chord 


Wind angle 

Yaw angle 
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3.3 Aerodynamic Sign Convention and Basic Equations 


Sign Convention: 


wind 

vwtor 






into surface 

out of surface (suction) 


Lift (L) 
(+ up) 4 


Normal Force (F^) 

(+ out of base pressure face) 


Wind Direction 



Drag (0) 

(+ in wind. direction) 
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Aerodynamic Equations: 


1. Pressures and pressure coefficients are related by: 


P • Q <'p 

2. Normal forces and normal force coefficients are related by: 

3. When the pressure coefficients and normal force coefficients are linear 
with respect to angle of attack, the above expiesslons can be changed to: 


P 


q 


C 



4. 


■■ 


Normal force coefficient for chordwise strips can be obtained from 
the pressure coefficients by Integrating the pressure coefficlenx, 
along the chord arid Is expressed by: 


1 

T 


or for a surface as: 


1 

■f 




5. Lift and drag coefficients are related to the normal force coefficient 
by the angle of attack as: 


C 

C 


L 

D 


coi: & 
sin a 


6. Lift and drag forces are given by; 
L « q SC|^ 

D ■ q SCq 
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4.0 HIND TUNNEL TEST PROGRAM AND RESULTS 


A winj tunnel test prograa was developed to verify the theoretical results in 
reference 5 and to obtain test data for conditions not presently suitable for 
theoretical analysis. The test plan included the testing of wind loads on 
single arrays, arrays within an array field, the effect of fences on arrays in 
an array field, and the effect of wind velocity profiles (unifona and 1/7 power 
law). The ew|diasis of the progran was the testing of arrays in an array field 
with a boundary layer wind having a 1/7 power law velocity profile referenced 
at 10 meters. This wind profile was used to represent the winds found in 
nature in open flat terrain. The array parameters varied using this wind 
profile were: (1) array separation (1.5, 2.0, and 3.0C), (2) tilt angle (20**, 

35®, 60®, a»*d 90*), (3) wind direction (front, rear, and oblicpie winds of 45® 
and 135® from the front), (4) fence (with and without), (5) fence porosity (OX 
and 30X), and (6) fence-arr&y separation (1.25, 2.5, and 5.0C). The array 
parameters not varied were the slant height (C) and the array ground clearance 
of .25C. Several modifications to the fence comer and array edges were tested 
with oblique winds in an attempt to reduce the array edge loads. A complete 
list of the test configurations is listed in Table 18, /^pendix A. The fence 
comer modifications are detailed in Table 17, Appendix A, and the array edge 
modifications are shown in Figure 24, Appendix A. 

A number of test runs were conducted utilizing a uniform velocity profile. 

These tests did not include any fence effects or effects of oblique winds. The 
tests included variations of tilt angle and array separation in an array field. 
Single arrays were also tested varying the tilt angle and the array ground 
clearance. Corresponding single array tests were performed with a 1/7 power 
law velocity profile for comparison to the uniform velocity profile results. 

The wind tunnel testing was conducted in the Meteorological Hind Tunnel at 
Colorado State University (see Figure 1, Appendix A). This tunnel is 
characterized by a long (96 ft.) test section that is 6 ft. 8 In. wide by 6 ft. 
high. The long test section is mquired to properly develop and stabilize the 
boundary layer velocity profile used in the tests. Testing in a boundary layer 
wind profile is performed at the rear of the test section whereas testing in a 
uniform win»* velocity profile is pe’*^'»rmed at the front of the test section. 
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The array model tested was a 1:24 scale of an eight ft. chord full size array. 
Pressure taps were located at the mid-span and edge locations as shown in 
Figure 10, Appendix A. Ten pressure taps were located on each of the front and 
rear faces of the array and at each span location. The spacing of the taps 
were varied such as to have more taps near the leading and trailing edges of 
the arr^. Pressures at each tap were recorded digitally for 16 seconds by 
means of a pressure switch to a Setra differential transducer which was sampled 
at 250 times per second. The test data acquisition, data reduction as well as 
the testing procedures are detailed in Appendix A. The recorded test data in 
its entirety is presented in Appendix B and the computer plotted test data in 
Appendix C. 

The following sections present significant findings from the test results. 
Section 4.1 details the results from the uniform wind velocity profile for an 
array field. Section 4.2 presents the results from the 1/7 power law wind 
profile and section 4.3 shows the comparison of the wind loads on a single 
array due to a uniform and a boundary layer wind. Section 4.4 sumnmarizes the 
significant test results. 

4.1 Uniform Hind Velocity Profile 

Figures 4-la through 4-lg, show the net or delta pressure coefficient 
distribution (the windward face pressure coefficient minus the base pressure 
coefficient) along the chord for an array field positioned at four tilt angles 
and with a uniform velocity profile wind from both front and rearward 
directions. In all of these cases, the arrays are .25 slant heights above the 
ground and separated by a distance of two slant heights. Other array 
separation distances (1.5 and 3.0 slant heights) were tested. Since the 
results from the three array separations are similar, only the results of the 
2.0 slant height separation tests are ( sed ^o discuss significant findings. 

The pressures on the arrays, each recorded in the test for sixteen seconds, 
were used to calculate average and rms pressure coefficients. The rms 
pressures are an indication of the pressures to be expected from the turbulence 
generated by the arrays. However, the rms pressures do not reveal any 
characteristics of the flow such as the phase angle of the pressure between 
locations or the frequency content of the pressures. These parameters are very 
important to predict dynamic pressures and forces on the structure and will be 
reported in a future report. 
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The first inndMard array In the array field experiences by far the highest mean 
pressure coefficients and resulting normal forces for all tilt angles. In 
contrast to the mean pressures, the rms values of the unsteady pressure 
coefficients caused by the array induced wind turbulence is the smallest on the 
first windward array. The turbulence in the wind tunnel for the free stream 
wind prior to the array field is essentially zero. 

The first array behind the windward array (2nd array) experiences considerably 
lower mean pressures than the first array but the rms pressures caused by the 
array induced wind turbulence are greatly increased. This is caused primarily 
by the turbulence created in the wind by the first array. In addition, the 
pressure distribution on the second array is significantly changed by the 
effects from the first array, especially when the wind is from the front. For 
this wind condition, the pressures on the windward array face become negative 
over a portion of the chord for several tilt angles, and ACp may be negative 
over part of the chord for several tilt angles as shown for the 35® tilt angle 
case. In this condition, if only normal forces were recorded on the array, 
they would indicate essentially zero force. From the pressure coefficient 
distribution shown in Figure 4-lc to 4-lf, it can be seen that there are 
varying pressures on the array and a significant pitching moment is felt by the 
array. 

The loads on the fifth array downwind from the edge of the array field 
experience larger fluctuating pressure coefficients than the first array, but 
smaller than the second array. Although the fluctuating pressure coefficients 
are of the same order as the steady state pressures on the fifth array, the 
total of these pressures is much smaller than only the steady state pressures 
on the first array. Another noteworthy aspect of the loads on the fifth array 
is the flatness of the pressure distribution along the chord. The pressure 
distribution is essentially constant over the chord for each tilt angle 
considered. An exception is the 20® tilt angle configuration with the wind 
approaching the array from the back, where the pressure distribution along the 
chord linearly increases from the trailing edge to the leading edge. 
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4.2 1/7 PoMer Law Wind Velocity Prof’le 


The major portion of the wind tunnel test program was devoted to the wind 
loading on the arrays in a boundary layer wind of 1/7 power law velocity 
profile shown in Figure 4-2. This section presents and discusses ^‘le 
significant findings of the wind tunnel test results performed in ti^e boundary 
layer wind. The array test configuration, pressure measurement locations and 
wind direction are given in Table 4.1. 

Tab/»4‘t. Amy Tut Condkiont 


Array Configuration 
(Tilt Angle) 

Fence 

Pressure Measurement 
Location 

Wind Direction 

20«, 35°. 60°, 90° 

No 

Center of Span 

QO (Head-On). 180® 

20°, 35°, 60°. 9QO 

Yes 

Center of Span 

00 (Head-On), 130° 

350 

No 

Edge of Span 

00 (Head-On), 180® 

350 

Yes 

Edge of Span 

0® (Head-On), 180® 

350 

No 

Edge of Span 

45°, 225° 

350 

i 

Yes 

Edge of Span 

45°, 225° 


4.2.1 Array Mid-Span Wind Loads Without a Protective Wind Barrier (Fence) 

Figure 4-3 presents the mean and rms delta pressure coefficient distributions 
on the arrays in an array field with an identical configuration as in Figure 
4-1, except for the wind profile. The pressure coefficients are based on the 
freestream reference velocity located at a height of ten meters. The results 
for the mean and rms ACp chordwise distributions are very similar in shape to 
those from the uniform wind profile test results presented in Section 4.1. 
Because the magnitude of the coefficients are a function of the reference 
velocity that varies with elevation above the ground in a boundary layer wind, 
a direct magnitude comparison with the uniform flow results cannot be made with 
the boundary layer results referenced to the freestream velocity at 10 meters. 
The trends of the results plotted in Figure ^-3 are the same as those for the 
uniform velocity profile results shown in Figure 4-1. That is, the highest 
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steady state or mean pressures are on the ^irst array. The downwind arrays 
have lower steady state pressure than the fiont array because of the protection 
afforded by the upwind arrays, but the rms pressures are slightly higher within 
the array field than for the front array. In addition, with increasing tilt 
angle, the greater the amount of protection from the wind is received by the 
downwind arrays from the upwind arrays. 

The effect that the upwind arrays have on reducing the resulting forces on 
downwind arrays is shown by examining the normal force coefficients presented 
in Figure 4-4. The normal force coefficients were obtained by integrating the 
delta pressure coefficients along the chord for each array and array 
configuration for the steady state wind. The maximum normal force coefficient 
on fie array is due to a wind from the rear and on the first windward array for 
all tilt angles. Regardless of the wind direction, the first windward array 
acts as a barrier to the wind for the downwind arrays and removes most of the 
wind energy. Consequently, the steady state wind load on the second array is 
significantly reduced, and the steady state wind load on succeeding arrays 
beyond the second array are only slightly reduced from that of the second 
array. 


4.2.2 Array Mid-Span Loads with a Protective Wind Barrier (Fence) 

The protective influence on the high aspect ratio photovoltaic arrays by a 
fence is presented in Figure 4-5 and 4-6. Figure 4-5 shows the ACp on the 
first array behind a six foot fence (.75C). The corresponding normal force 
coefficients for the first, second and fifth arrays are shown in Figure 4-6, 
with the results without a fence for comparison. With a fence to protect the 
arrays from the wind, the wind-caused normal force coefficients are 
approximately the same on the first and succeeding arrays except for the arrays 
with tilt angles of 60“ . The top of the array at a tilt angle of 60“ is 
approximately .375 chord lengths above the top of the fence, so the upper 
portion of the first array is exposed to the freestream velocity resulting in 
increased loads. Of significant conclusion from Figure 4-6 is that the normal 
force on arrays several rows into the array field are the same with or without 
a fence. Thus, the fence only protects the first couple of rows of arrays and 
the remaining arrays are protected by the windward arrays. 
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4.2.3 Array Edge Wind Loads for Straight -On Winds 


Figure 4-7 and 4-8 presents the pressure distribution at a location .15 chord 
lengths from the side edge for arrays having a tilt angle of 35® and for an 
array field without and with a protective fence respectively. Figures 4-9 and 
4-10 show the normal force coefficients for the same conditions and compare the 
normal force coefficients at the array edge location to the mid-span location. 
Figure 10 of the Appendix A shows the location of the edge and center of span 
pressure taps on the model used in the test.) Without a fence to protect the 
arrays, the first windward array pressure distribution at the edge is 
essentially the same as at the center of the array (conqjare Figure 4-7 to 
Figure 4-3c and d). The arrays downwind from the first array have an edge 
pressure coefficient distribution whose magnitude is reduced from the first 
array but not nearly as much as for the mid-span pressure coefficients at 
similar conditions. The edge pressures are affected by the formation of 
vortices resulting from the array corners. This can be seen by the significant 
increase in the rms pressure coefficient levels between mid-span and edge 
locations and by the increased steady state pressure coefficient at the arra> 
corners, especially for winds approaching from the rear. The normal force 
coefficients shown in Figure 4-9 also show this trend. 

The fence reduces the wind by such an amount that no large differences occur in 
pressure coefficient distributions at the edges compared to the mid-span 
pressure locations as seen by comparing Figure 4-8 to Figure 4-5 for identical 
array positions, une aspect of Figure 4-8 that is important is that the 
pressure coefficients for the fifth array downwind are larger than the first 
array. It is conceivable that the array edge pressures behind a protective 
fence will approach those without a protective fence for downward arrays when 
the wind is straignt-on to the arrays. This results because the side fence has 
no effect on the straight-on wind and the fence perpendicular to the wind has a 
decreasing effect on the wind with increasing distance downwind from the fence. 
Extrapolating the normal force coefficients in Figure 4-10 further doimwind 
supports this conclusion and suggests that loads on the arrays with a fence 
will approach those without a fence further downstream than five arrays. 
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4,2.4 Array Edge Wind Loads for Oblique Winds 


Downwind effects of vortices formed at the array corners can cause large 
pressure coefficients near the array edges when the winds are at an angle to 
the arrays, because of increased vortex strength. Several wind tunnel test 
runs were performed with oblique winds at 45° approaching the arrays from the 
front and the rear directions. The array configurations were: tilt angle of 

35°, array separation = 2C and array ground clearance = .25C. Large local 
pressures on the array edges due to oblique winds were measured as shown by the 
pressure coefficient distributions located .15 chord lengths from the array 
edge in Figures 4-11, a through d, for an array field without and with a 
protective fence. 

The leading edge pressure coefficients, especially for unobstructed winds 
approaching from the front, were very large and can result in pressures at the 
leading edge approaching 45 psf for a 90 mph wind, based on the pressute 
coefficients in Figures 4-lla and 4-llb. When no fence exists, the array edges 
for arrays downwind from the first array do not receive any protection from the 
upwind arrays; therefore, their edge pressure distribution is essentially the 
same as the first array, as shown in Figures 4-lla and b. Figure 4-lla also 
shows the pressure distribution located .9 chord lengths from the edge on the 
first array. The trend implies that the magnitude of the pressure coefficients 
are decreasing with distance away from the side edge. 

Even when the arrays are protected by a fence, the edge pressure coefficients 
due to an oblique wind are much larger than for straight-on winds as shown by 
comparing Figures 4-llc and d to Figure 4-8, The fence does give some 
protection to the arrays because the overall array edge pressure coefficient 
distribution is somewhat lower in magnitude than the corresponding conditions 
without a fence. This can be seen more easily by comparing the normal force 
coefficients at the edge with and without a fence as shown in Figure 4-12. 
Figure 4-12 also shows the reduction in normal force coefficients from .15 
chord lengths to .9 chord lengths from the edge with and without a fence. The 
combination of a fence corner and an oblique wind causes a strong vortex to be 
generated at the fence corner vdiich sweeps downwind and causes localized high 
pressure loadings. The high pressure loading caused by this vortex can be seen 
by the twin large humps in the pressure coefficient distribution shown on the 
first aVray in Figure 4-llc and by the large pressure coefficients at the 
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leading edge in Figure 4-lld. Figures 4-12 and 4-13 also show the effect of 
the vortex. Although the normal force coefficient for an array behind a fence 
is lower than without a fence (Figure 4-12), the corresponding maximum pressure 
coefficient is higher (Figure 4-13) on the first windward array when the wind 
approaches from the rear. This maximum pressure coefficient is at the leading 
edge which is directly downwind and in the vortex from the fence. 

Because of the high edge pressures on the arrays, several modified 
configurations were tested in the wind tunnel in an attempt to reduce these 
pressures. The modifications (described in more detail in the Appendix) are as 
f ol 1 ows : 

1) A short fence of the same porosity and height as the protective 
fence placed in front of tht corner of the protective fence and at 
45® to each side. This short fence would be perpendicular to a 
v'^blique wind that is at 45® to the protective fence and array 
field (See Figure 4-16, Configuration 1) 

2) Three short fences overlapping each other and placed in front of 
the corner of the protective fence as in (1) (see Figure 4-16, 
Configuration 2) 

3) Additional eight foot length added to the array with the added 
length having 50% porosity (See Figure 4-16, Configuration 3) 

4) Endplating of the array ends completely closing the rows of the 
arrays with a 50% porosity end plate. This is to simulate shrubs 
etc., at the ends of the arrays (see Figure 4-16, Configuration 
4 ) 

5) Addition of a 50% porosity extension to the top of the array at 
the corner of the existing protective fence (see Figure 4-16, 
Configuration 5 and Figure 4-llg). 

The data from the wind tunnel test for all of these configurations is given in 
Appendix B, and plots of the data are presented in Appendix C. The results 
from the configurations in (1) through (3) are not presented in the main body 
of the report for the following reasons. Configuration (3) did not produce any 
reduction in edge pressures. Configurations (1) and (2) did show reductions in 
the pressure coefficient distributions for the pressure taps on the model. 
However, this configuration would require more pressure readings over the total 
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array area near the edge to adequately define this reduction. It Is believed, 
and somewhat supported by the data, that the vortex caused by the main fence 
corner Is significantly reduced, but that other vortices are being generated at 
the corners of the smaller fences, thus pushing the location of the high 
pressure loading points Inwards from the array side edge. 

Configuration (4), endplating of the arrays, produced the smallest edge 
pressure coefficients of the configurations tested. The edge pressure 
coefficient distributions for the endplating effect Is shown In Figures 4-lle 
and f. Unfortunately, this method of reducing the loads may be Impractical for 
several reasons: (1) the endplating would cause varying amounts of shadowing 

on the arrays depending upon the time of day, (2) if mechanized equipment Is 
required to be moved down each row of the arrays, a gate would be required at 
the end of each row. 

The addition of a 50% porosity extension to the fence corner Is shown with the 
results In Figures 4-1 Ig and h. This extension does significantly reduce the 
edge pressure coefficient distributions from those of just a regular protective 
fence. It appears that the Increased porosity and height at the corner reduces 
the tightness and strength of the corner vOrtex. Additional benefits may be 
realized by Increased porosity and/or height of this corner addition. However, 
these parameters were not varied to optimize the reduction In the array edge 
pressure loadings. 

In summary, the array and fence corners produce vortices whose strength Is 
Increased from a straight on wind to an oblique wind. The wind loads on the 
areas affected by the corner vortices are considerably larger than the loads at 
the non-affected areas. In order to reduce the corner vortex Induced loads, it 
Is necessary to reduce the strength of the corner vortex. This is best 
accomplished by lowering the wind velocity prior to reaching the arrays by 
utilizing a fence and by modifying the fence corner to reduce the vortex 
generated by It. From the modifications Investigated in the test, the most 
practical modification Is that of Increasing the height of the fence at the 
corner and by varying the local fence porosity In this area as shown by the 
figure Insert In Figure 4-llg. 
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4.3 Comparison of Wind Tunnel Test Results for Uniform Wind Profile and 1/7 
Power Law Wind Profile 

In order to compare the test results between the uniform wind profile and the 
1/7 power law wind profile, it is necessary to select a reference height above 
the ground for defining the reference velocity in the 1/7 power law wind 
profile. In Phase II, reference 5, the velocity at the highest edge of the 
array was recommended as the reference velocity when using data obtained by a 
uniform velocity profile because the base pressure (the major contribution to 
total pressure in most cases) is affected predominately by the velocity at the 
array edge. The mean ACp was calculated with this reference velocity fnr the 
1/7 power law wind profile results and compared in Figure 4-14 to the ACp 
obtained by the uniform wind profile test. The comparison of the shape of the 
ACp distribution from the two wind profile tests is very close, the magnitude 
is also close except for a few configurations, such as the windward array with 
the wind from the rear for the 20® tilt angle configuration and the wind from 
the front for the 60® tilt angle configuration, where the magnitudes differ by 
as much as .25. The second array with a tilt angle of 35® and the wind from 
the rear also compares poorly; the loads from the 1/7 power law wind profile 
are approximately half the loads from the uniform wind profile. 

Integration of the ACp values over the chord to obtain normal force 
coefficients produced the results presented in Figure 4-15. The comparison of 
the normal force coefficients between the uniform wind profile and the 1/7 
power law wind profile is much closer than the pressure distribution, primarily 
because the integration of large pressure differences over a small fraction of 
the total area does not have a pronounced effect on the total normal force 
coefficient. 

From the results shown in Figure 4-14 and 4-15, the uniform velocity profile 
normal force coefficients results would be satisfactory for use in performing 
preliminary design studies and in most cases for use in the final design of 
array structural supports. The pressure coefficient distribution results are 
not as definitive; the uniform velocity profile results would be satisfactory 
for use in preliminary design studies but are probably not accurate enough for 
final design of the photovoltaic panels. However, from the results, it is 
certainly apparent that a uniform velocity wind tunnel can be used to evaluate 
parameter studies for photovoltaic arrays such as load alleviation devices. 
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??ince environmental wind tunnels (required to model the boundary layer wind) 
are few in number, and sometimes difficult to obtain time in their use, the 
close comparison in the results between the two wind profiles is important in 
allowing more flexibility in the testing of array models and configuration 
changes. 


4.4 Test Results Summary 

The use of a fence to protect the arrays from the wind significantly reduces 
the mid-span loads on the first windward array compared to the loads on an 
unprotected first array. The arrays located downwind from the first array are 
protected by the upwind arrays and the mid-span loads are approximately the 
same as the first array when protected by a fence. Localized array edge loads, 
caused by corner vortices, are considerably larger than the array mid-span 
loads. These edge loads can be recuced by using a fence to protect the arrays 
and by appropriate modifications to the fence corners shown previously in this 
section. To optimize the fence corner modifications or other modifications to 
the arrays for minimum wind loads would require an extensive test program. 

Since the large wind loads are a localized effect caused by the corner 
vortices, the arrays could be designed for higher strength in the edge areas to 
withstand the high vortex induced loads. 
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'igun 4-1 ». Amy Chordvmte Pnmire Coeffhhnt Distribution in Uniform Wind 
Vshcity Profile (Titt Angie » 2(P, Wind from Front). 



Figure 4- 1b. Array Chordwise Preuure Coefficient Distribution in Uniform Wind 
VekKity Profile (Tiit Angie ^ 2(P. Wind from Rear) 
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Figun 4-1c. Array Chordwiae Premtta Coefficient Dktribution in Uniform Wind 
Vehcity Profile (Tilt Angle = 3SP,Wind from Front* 
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Figun 4-1d. Amy Chordwt$» Pnt$un Coefficient Distribution in Uniform Wind 
Velocity Profile (Tilt Angle • 35 ®, Wind from Peer) 
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Figure 4- 1e. Arrey Chordeetee Preesun Coefficient DittHbutfon in Uniform Wind 
Velocity Profile {Tilt Angle * 6(fi, Wind from Front! 
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Figun 4-tf. Array Chordwita Pressure Coefficiertt Distribution in Uniform Wind 
Velocity Profile (Tilt Angie ■* 6CP, Wind from Rear) 
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Figure 4-2. 1/7 Pomr Law Wind Velocity Profile 
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Ftgun 4-3». Amy Chordwiie Pressure Coeffickmt Distribution in Boundary Layar 
Wind f Tilt Angie *2CP, Wind from Front) 
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Figun 4-3b. Arny Chordwite Pressure Coefficient Distribution In Boundary Layer 
Wind (Tilt Angle » 2CP, Wind from Bear) 
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Figure 4-3c. Array Oiordwite Pressure Coefficiertt Distribution in Boundary Layer 
Wind (TUt Angle « 36 ®, Wind from Front) 
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Figure 4~3e. Arrey Chordwi$e Pressure Coefficient Distribution in Boundery Layer 
Wind (Tiit Angie = BCP, Wind from Front) 
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Figure 4-3f. Arrey Chord wise Pressure Coefficient Distribution in Boundery Leyer 
Wind (Tiit Angie * 60 °.. Wind from Rear) 
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Figure 4-3g. Array Chordwise Pressure Coefficient Distribution in Boundary Layer 
Wind mn Angle = 9CP) 
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Figure 4-4. Effect of Head-On and Rearward Winds on Array Normal Force 
Coefficients (No Fence} 
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Figure 4-5. Effect of a Fence on Array Chordwise Pressure Coefficient Distribution 
for Head-On and Rearward Winds. 
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Figure 4-6. Fftect of e Fence on Arrey Norm^ Force Coefficients for Met 
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Figure 4-8. Effect of Fence on Array Chordwise Pressure Coefficient 
Distribution Located . 15 Chord Lengths from Side Edge 
for Head-On and Rearward Winds 
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Figure 4-10. Fffect of Fence on Array Edge Normal Force Coefficients tor Head-On and 
Rearward WitKis 
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Figun 4- 1 1$ Effect of Oblique Wktdt on Amy Edge Pmsure Dktribution 
(No Fence, Wind from Front! 
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Figure 4-1 1c. Effect of Oblique Winds on Array Edge Pressure Distribution 
(Conventional Fence, Wind from Front) 
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Figure 4- 1 1e. Effect of Oblique Wmds on Array Edge Pressure Distribution 
(Convsntionai Fence, Endpiated Arrays, Wind from Front! 
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Figure 4-11 f. Effect of Oblique Winds on Array Edge Pressure Distribution 
(Conventional Fence, Endplated Arrays, Wind from Rear) 
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Figure 4- 1 1h. Effect of Oblique Winds o:. » 'ey Edge Pressure Distribution 
(Modified Fence Comer, h,/>d from Reer) 
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Figure 4- 12. Effect of Oblique Wir,as on Array Normal Force Coefficients 
at Arr^y Edge 
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Figure 4- 13. Maximum Pressure Coefficient at Array Side Edge Due to Oblique 
Winds 
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Figure 4- 14a. Array Pressure Coefficient Comparison Between Uniform arid Boundary 
Layer Wind Profiles (Tilt Angie » 20 ®, Wind from Front! 
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Figure 4-14b, Array Pressure Coefficient Comparison Between Uniform and Boundary 
Layer Wind Profiles (TUt Angle = 2CP, Wind from Bear) 
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Figure 4- 14c. Array Pressure Coefficient Comparison Between Uniform and Boundary 
Layer Wind Profiies (Tilt Angle = 3SP, Wind from Front) 
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Figure 4- 14d. Array Pressure Coefficient Comparison Between Uniform and Boundary 
Layer Wind Profiles (Tilt Angte’^BSP, Wind from Rear} 
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Figure 4-1 4e. Array Pressure Coefficient Comparison Between Uniform and Boundary 
Layer Wina Profiles (Tilt Angle * 60P, \^ind from Front) 



wind From Rtir 



67 


Figure 4- 14f. Array Pressure Coefficient Comparison Between Uniform and Boundary 
Layer Wind Profiles (Tift Angie = 6CP. Wind from Rear} 
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Figure 4-14g. Array Pressure Coefficient Comparison Between Uniform and Boundary 
Layer Wind Profiles (Tilt Angle » 9(fi} 
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Figure 4-15. Array Normal Force Coefficient Comparison Between Uniform and Boundary 
Layer Wind Profiles. 
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Configuration 1 



Figure 4- 16. Configurations for Edge Load Reduction Study 





5.0 THEORETICAL - EXPERIMENTAL RESULTS COMPARISON 


The theoretical results developed in Phase II and presented in reference 5 were 
calculated based on a uniform velocity profile and were then adjusted to 
reflect the boundary layer velocity profile. Figure 5-1 shows the comparison 
of the theoretical results to the wind tunnel test results for the net pressure 
coefficient distribution along the chord of a single array located out of the 
influence of the ground and in a uniform velocity profile for three angles of 
attack (20°, 35°, and 60°). (Since the theoretical results were based on an 
infinite aspect ratio array, all theoretical-experimental comparisons utilize 
the mid-span test results.) The results differ by approximately 5% to 10% 
except for very low pressure coefficients; this comparison is considered very 
good and demonstrates that theoretical methods can be used to accurately 
predict the aerodynamic loads on an array located sufficiently far from the 
ground so that ground effects are not a consideration. 

When the array is located in close ground proximity, the theoretical method 
tends to overpredict the pressure coefficients as compared to the wind tunnel 
test; this is shown in Figure 5-2. When the tilt angle of the array is small 
(20°), the theoretical results match the wind tunnel test results within 
approximately 20% or less. However, as the tilt angle increases (35° and 60°), 
the theoretical -experimental results become increasingly farther apart. The 
difference is due (at least in party to the blockage effect that occurs to the 
air flow because of the restricted area between the ground and the lower edge 
of the array and the effects of air viscosity (not considered in the 
theoretical model) in this restricted flow regime. From the test results, of 
which Figure 5-3 is a typical example, flow blockage is seen to occur because 
of the ground-to-array gap. Figure 5-3 indicates that the flow is blocked and 
decreases in velocity as the gap is reduced in value from H/C = « to .25 as 
evidenced by the increase in pressure on the lower edge (S/C = 0) on the 
windward face of the array and by the smaller negative pressure on the base 
pressure face. Because of the flow restriction at the gap, the flow in front 
of the windward face of the array is alsc affected, and the windward face 
pressure distribution is modified across the total face depending on the amount 
of restriction of the flow. In contrast to the test results, the theoretical 
separated inviscid flow method predicts that the air flow increases in velocity 
to allow a given mass of air to flow through the gap to compensate for the 
restricted gap area. This increase in velocity is further intensified as the 
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array pre' ants a more bluff configuration to the wind at increasing tilt 
angles. Consequently, because of the inviscid flow assimiptions in the 
theoretical method, there is an increasing spread with tilt angle between 
theoretical and test results as the tilt angle is increased from 20°. 

In the Phase II study, reference 5, it was recommended that the theoretical 
normal force and pressure coefficients for all downwind arrays be calculated as 
60% of the windward array. The amount of protection afforded to the downwind 
arrays in an array field is more complex than can be covered by a blanket 
percent reduction as shown in Figure 5-4; it is a function of the tilt angle 
and to a lesser extent, the wind direction. In general, the larger the tilt 
angle, the greater is the protection afforded to the downwind arrays by the 
windward array and the greater the load reduction. From the theoretical - 
experimental data comparison, the theoretical results presented in reference 5 
are conservative for steady state wind loads on arrays without protective 
fences and can be used for design studies of photovoltaic flat plate arrays in 
lieu of specific test data relating to the design. However, the design would 
be penalized in terms of structural costs by the conservative loads. 

When a fence is used as a protective wind barrier for the arrays, reference 5 
recommended using the velocity isotachs behind a fence to calculate the dynamic 
pressure. Using this dynamic pressure with the theoretical normal force 
coefficients, the average normal forces per unit area were calculated and 
presented in reference 5 as Table 6-2 for various tilt => ,gles and for an 8.2 
foot fence. The appropriate results were extracted and ^ 'c* presented in Table 
5-1 of this document, together with the results from the wind tunnel test for 
arrays positioned behind a 6 foot fence and in a boundary layer wind. The 
comparison is reasonably satisfactory at the 20° tilt angle, less so at 35°, 
and poor at 60°. Thus, the technique suggested in reference 5 should only be 
used for the smaller tilt angles and only when more reliable results are not 
available. 
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Tabla 5- 1. Examph of A vanga Normal Wind Forces o. ; Arrays behind Protective 
Fences by Theoretical and Wind Tunnel Test Methods (Behind) 


Wind fror Front 


Average 
per unil 

Normal Wind Forces 
area (psf) 

(t 

O 

O 

CM 

35° 

60° 

Theory * 

1.06 

1.63 

9.62 

W.T. Test 

1.03 

2.46 



4.92 

Wind from Rear 

Theory * 

1 

1.63 

1 

2.22 

11.21 

W.T. Test 

1.44 

2.46 

5.13 


* Dynamic factor of 1.5 removed from Table 6-2, reference 5 


The array key wind parameters detailed in refe»*ence 5 are also shown in Figure 
5-5. These parameters were verified by the wind tunnel test except for the 
dynami,. pressure which is a fundamental parameter used in both +''st and 
theoretical methods. In general, the trends of all parameters, except ground 
clearance, were verified. However, the test results show that the parameters 
a*"e all interelated and cannot be separated as in Figure 5-5. As an example, 
angle of attack, ground clearance, and array spacing, are all affected by each 
other. Consequently, to predict the sensitivity precisely, a family of ccr;es 
would be required varying only one parameter at a time. This would require ^r, 
enormous amount of test data and results. 
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Figure 5-2a. Array Pressure Coefficient Distribution Comparison Between Wind 
Tunnel Test and Theoretical Methods in Close Ground Proximity 
(Tilt Angle ^ 2CP) 
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Figure 5-2b. Array Pressure Coefficient Distribution Comparison Between Wind 
Tunnei Test and Theoretical Methods In Close Ground Proximity 
(Tilt Angle = 35°) 



o 
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Figure 5-2c. Array Pressure Coefficient Distribution Comparison Between Wind 
Tunnel Test and Theoretical Methods in Close Ground Proximity 
(Tilt Angle = 6CP) 
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Figure 5-3. Fffect of Ground Clearance on Front and Back Array Pressures in 
Uniform Flow (TUt Angle = 6CP, Wind from Back) 
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Figure 5-4. Arr:y Norma! Force Coefficient Comparison Between Wind Tunnel 
Test and Theoretical Methods 
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Figure 5-5. Theoretical Key Wind Loads Parameters and Their Sensitivity in 
Separated Flow Analyses (Reference 5) 


82 



6.0 DISCUSSION AND CONCLUSIONS 


Currently, there are no known published data or results of wind loads from full 
sized photovoltaic arrays placed in the natural environment. The wind tunnel 
test utilizing the Meteorological Wind Tunnel and simulating the natural 
boundary layer wind as a 1/7 power law wind profile is the close-,t simulation 
compared to theoretical methods or uniform wind tunnel simulations cf arrays 
placed in the natural environment. Therefore, all results from the different 
analyses were compared to the results obtained from the wind tunnel test that 
simulated the wind boundary layer. 

Theoretical methods to calculate pressures and forces on arrays positioned at 
tilt angles greater than fifteen to twenty degrees require the use of separated 
flow analysis techniques that are directly applicable only to single arrays 
with infinite aspect ratios. Thus, the results must be extrapolated or 
modified for the array edges, arrays positioned behind fences, and interior 
arrays in an array field as performed in reference 5. The theoretical array 
pressure distribution and normal force results for the windward array and 
interior arrays were shown to be conservat.ve (over designed) compared to the 
boundary layer wind tunnel test. The theoretical normal force results for 
arrays positioned behind fences are fairly close but conservative for tilt 
angles less than 35“ and become much more conservative for tilt angles near 
60“ . As a result, if theoretical means are used for determining steady state 
wind loads on photovoltaic arrays and for sizing the array structural members, 
the arrays .;ill be ovarstrength for steady state wind loading. 

Most previous wind tunnel tests have been conducted for various shapes of 
structure in uniform wind profiles and out of the ground effect. Normal force 
coefficients for flat plates, cylinders, and spheres are readily available in 
the literature for this condition. If the flat plate coefficients for plates 

out of the ground effect are used for arrays close to the ground, they will 

yield normal wind forces that are ultra conservative. If test results are 

obtained for flat plate a. ‘ in an array field and in a uniform flow wind 

tunnel with the influence c. the ground effect, the results are variable, some 
conditions are conservative and others unconservative. Consequently, the 
results from a uniform flow wind tunnel for flat plate arrays would require a 
factor of safety to be applied to assure that the results are conservative if 
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used in an absolute sense for design values. However, the results are adequate 
to be used for trade studies in preliminary design such as using load 
alleviation devices, etc. 

The boundary layer wind tunnel test for the flat plate photovoltaic array field 
produced some interesting results and conclusions. A fence (or the first 
windward array, if no fence exists) protects the do«Jwind arrays except near 
the array edges from the wind. The wind normal forces and pressures of these 
downwind arrays are several times smaller than the first windward array when no 
fence protects it. In addition, as the tilt angles of the arrays increase, the 
greater the wind protection received by the downwind arrays and the smaller the 
normal forces and pressures on the arrays. Viind direction (frontal or 
rearward) does not significantly affect the results. The normal forces ar^d 
pressures on arrays positioned as close as three to four rows from the front 
have the same magnitude whether a fence protects the field or not. A fence 
will significantly lower the loads on the first array and can even lower the 
first array loads below the loads on the arrays within the field. Thus, a 
fence can actually overprotect the arrays close to the fence. If the fence to 
protect the arrays from wind is properly designed, all arrays could be designed 
for the wind loads experienced by the interior arrays. 

The pressure distribution on arrays protected by a fence and/or within the 
array field are essentially flat, resulting in no pitching moment on the array. 
In contrast to this, the first and second array without a protective fence have 
varying pressure distributions. The first array has a pressure distribution 
typical of a single flat plate. The second array is affected considerably by 
the downwash and turbulence of the first array and may have a pressure 
distribution along a chord that changes from positive to negative pressures. 
Another noteworthy observation is that the pressure on the base pressure side 
is flat for all conditions except near the edges. 

The wind loads on the array edges are considerably different from the remainder 
of the array field. Vortices are produced by array corners and fence corners 
and can produce very high wind loads at and near the array edges, depending on 
the wind direction. Pressure coefficients tend to be especially high in the 
localized leading edge-side edge area of the array . The high wind loads 
diminish to the loads within the array field at approximately two slant height 
distances from the edge, again depending on the wind direction. Several means 
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to alleviate the wind loads at the edges were presented in Section 4 but even 
the reduced edge loads are still several times the array mid-span loads. 

In the wind tunnel test, the fluctuating pressures were recorded for a finite 
time, averaged to obtain the steady state loads and the rms value of the 
variable loads calculated to obtain indications of the level of the pressures 
produced by the array generated turbulence. The actual rms values will be 
larger than those recorded because of the damping inherent in the data 
acquisition. However, the rms load values do give an indication of the 
turbulence. In general, from the test results, the front arrays received the 
most turbulence induced loads when a fence existed and the second arrays 
received the most when no fence existed. 

For design purposes, envelopes of the normal force and pressure coefficients 
were developed, where applicable, to encompass the steady state loads for all 
tilt angles and wind directions. These design envelope loads are explained and 
presented in total in Section 7.0. 
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7.0 STEADY STATE WIND LOAD DESIGN GUIDELINES 


Based on the results of the boundary layer wind tunnel test and the results of the 
theoretical study documented in reference 5, the following design guidelines are 
given for determining wind loading on photovoltaic flat plate arrays. The normal 
force and pressure coefficient guidelines were obtained by enveloping the results 
from the wind tunnel test and are valid for arrays with separations from 1.5C to 
3.0C. Wind tunnel tests with the winds normal to the spanwise axis of the arrays 
were used for the guidelines. From the theoretical study and aerodynamic 
principles, winds normal to the spanwise axis will produce the maximum pressure 
loading on the arrays at locations at least two slant heights from the array side 
eoges. 

7.1 Wind Loads on Arrays Behind a Protective Wind Barrier 

If a fence is used to protect the arrays in an array field, the steady state wind 
loading on the first arrays will be the same or less than the arrays within the 
field if the fence* is properly designed for wind protection. Figure 7-la 
presents normal force coefficients for conditions where the first array is 
protected from wind loading at least as well as the arrays interior to the field. 
This figure can be used to calculate steady state wind forces on arrays and array 
supporting structure in an array field. These loads are not applicable for the 
structure within two slant heights from the edge. The steady state normal wind 
force on the array is calculated by the equation: 

Fn = g (Sf Cfji (1 ) 


*The fence used in this study had a porosity of 30% and a height equal 
to three-quarters of the array slant height. Since this study did not 
investigate other fence configurations, it is the designer's responsi- 
bility to assure that his fence design produces as much wind protection 
as the fence used in this study. There are several papers referred to 
in reference 5 that investigates the effects of fence porosity on the 
wind velocity behind the fence. In general, a porosity of from 30% to 
50% produces the best wind protection. A solid fence tends to increase 
the turbulence compared Ic a higher porosity fence and also causes 
reversed flow behind the fence. The height of the fnnce is less 
critical than fence porosity on array loads provided that the height 
of the fence is near or above the array height. 
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where ; 


= Steady state normal force (lbs) 

q = Dynamic pressure (psf) for reference design velocity at 10 meters 
^ = Area of array ( ft^ ) 

^N1 * Cn 

= Corrected normal force coefficient 
Cfi = Normal force coefficient from figure 7-la 
= Scale factor to correct for array size 

/C sin a + 

\ 8 sino + 2 / 

C = Array slant height (ft) 

Hq = Ground clearance (ft) 

0 = Tilt angle (degrees) 

The scale factor (K^) corrects (in an approximate manner) the wind forces for 
arrays whose slant height and ground clearance are different than the test array 
baseline size of 8 ft. slant height and 2 ft. ground clearance. This scale factor 
considers the difference in the wind velocity at the top of an array whose size 
and position is different from the baseline array relative to the wind velocity at 
the top of the baseline array. 

Figure 7-lb presents steady state pressure coefficients normalized to the normal 
force coefficients at corresponding tilt angles. The steady state pressure 
distributions on the arrays behind a fence are essentially constant or vary 
linearly (increasing from the trailing edge to the leading edge) for all tilt 
angles. The pressures can be calculated by the equation: 

P = qCpi - ... (2) 


where: 

p = Steady state local pressure loading (psf) 

q » Dynamic pressure (psf) for reference design velocity at 10 meters 
^pl ” *^1 *^p 

* Corrected pressure coefficient 
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K-| = Scale factor to correct for array size and ground clearance 


( 


C s 1 n a + Hq y 2." 


8 sin a + 2 ) 

C = Array slant height (ft) 

Hq= Ground clearance (ft) 
a = Tilt angle (degrees) 

Normalized pressure coefficient from figure 7-lb 
Cfi| = Normal force coefficient from figure 7-la 


The steady state pressure loading is valid for all flat plate array panels in 
an array field except for panels witnn. two slant heights from the edge. Where 
leading edge (L.E.) and trailing edge (T.E.) are given, the pressure loading 
is assumed as linearly increasing fro” the trailing edge value to the leading 
edge value. It should be noted t al some conservatism is designed into the 
panel pressure loading by assuming a flat or linearly varying pressure 
coefficient. This conservatism can be seen in the normalized pressure 
coefficient shown in Figure 7-1. If the pressure coefficient distribution was 
matched exactly, the Cp/Cm curve would be equal to 1.0. Thus, conservatism of 
from 10 to 20% is built into the pressure loading by simplifyng the 
distribution. 


The use of these design guiaelines can best be illustrated by the following 
example: 

1. Determine the design normal force and pressure distribution on an array 

interior to an array field for a 90 mph wind approaching the front of the 
array and at sea level. The array slant height is 8 feet, ground clearance 
is 2 feet, span is 10 feet, and the tilt angle is 30 degrees. 

q = wind dyn"^mic pressure at 10 meter height 
= .5Pv2 

= .5 (.002378) (131. 23)2 

= 20.5 psf 
S = area of array 
= 8 X 10 
= 80 ft2. 
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= Scdle factor 

» / 8 sin (300) + 2\.28 
V 8 sin 

» 1.0 


* .16 from figure 7-1 a 
Cni * KiCn 

* .16 

To calculate the normal force 
= QSCnI 

- 20. S X 80 X .16 

= 262.4 lbs. force normal to the array (30O from vertical) 
direction per figure 7-la 


To calculate the pressure distribution along the cTord 

P = ^ >1 
Cpi ^ ^'1 ^ 'n 

From figure 7- lb 

C 

-£ = 1.18 at trailing edge (top edge for wind from front) 

C- ■ 


in downward 


= 1,26 at leading edge (bottom edge for 
wind from front) 

= .16 from figure 7-1a 
= 1.0 

therefore 

Cpi = 1 . 18 X .16 

* .19 trailing edge 

af’d = 1.26 X .16 

= .20 leading edge 

The local pressure is 
p = 20.5 (.19) 

= 3.9 psf at trailing edge (downward direction per figure 7-lb) 
p = 20.5 (.20) 

= 4,1 psf at leading edge (downward direction per figure 7-1 b) 
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Therefore, the pressure varies on the panel from 4.1 psf at the leading edge 
(lower edge) to 3.9 psf at the trailing edge (upper edge) for a 90 mph wind 
approaching the front of the array field. 

/.L Wind Loads on Arrays Without a Protective Wind Barrier 

If an ar.ay field to be designed without a protective fence, the first two 
arrays fr^.ii the frc..c and back need to be designed for larger wind loads than in 
Section 7.1. All remaining arrays interior to these two front arrays can be 
designed to withstand wind loads given in Figure 7>1. The maximum normal wind 
forces on the first two arrays from the front and back of the array field can be 
calculated similarly to those in Section 7.1 using the normal force coefficient 
envelope and the delta pressure coefficient presented in Figure 7-2a and b. As an 
example: 

Calculate the normal force and pressure on the first array for the same 
conditions as in the example in 7.1. 

To calculate the normal force: 

From before 

g = 20.5 psf 
S = 80. ft^ 

= 1.0 

From figure 7-2a 
C„ > .65 

Therefore the normal force on the array is 
= 20.5 X 80 X .65 

= 1066 lbs in downward direction per figure 7-2a 
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To calculate the panel pressure 

^ » 0.8 at trailing edge 

= 1.28 at leading edge 
Cn = .65 

p = 20.5 X 0.8 X .65 

= 10.7 psf at trailing edge 
« 20.5 X 1.28 X .65 
= 17.1 psf at leading edge 

Therefore, the pressure varies from 17.1 psf at the leading edge to 10.7 psf at 
the trailing edge with the pressure in downward direction per figure 7-2b. 

7.3 Array Edge Wind Loads 

The wind loads within two slant heights from the side edges have a different 
character than those within the array field because of the corner vortices. This 
test program was primarily directed towards the wind loads within an array field 
and only a limited amount of testing was devoted to the edge loads. Consequently, 
a comprehensive set of wind load guidel .nes for the edge loads cannot be detailed 
from the test data. However, the following normal force coefficients and pressure 
coefficients are given as guidelines and can c*e used in the design of the edge 
arrays if the following design conditions are satisfied. 

Array tilt angle = 35® 

Fence design details, if applicable, as footnoted in Section 7.1 
Fence corner modifications, if applicable, as shown in configuration 5, 

Figure 4-16 


The normal force coefficicpts and delta pressure coefficients for arrays within 
two slant heights from the side edge of the «rray field and for three field 
configurations - no fence, fence, and fence with the corners modified - are shown 
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in Figures 7-3a to 7-3c. These coefficients are c’sed on the test data located 
.15 chord lengths from the side edge. Since the loads decrease with distance in 
from the edge, these coefficients are conservative if used over the two slant 
heights from the side edge. In addition, the pressure distributions show high 
pressure coefficients located within St to lOX from the upper edge. Since a 
structural support is likely to be located on the leading and trailing edges to 
support the arrays, these high pressure loads, within 10% of the top edge, may not 
be critical to the design of the panels and may not need to be considered in their 
design. The effect of this high pressure loading is in the normal force 
coefficient calculation which is a parameter used to size the supporting 
structure. 

The application of these coefficients is similar to the examples shown in Section 
7.1 and 7.2, except that Cp replaces ^£p^(Cjn)in the examples. 
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• Cjj based on wind reference velocity at 10 meters 

exception: not valid within two slant heights from the side edges 

Figure 7-1 a. Steady State Wind Normal Force Coefficient Envelope for Arrays 
Within an Array Field or Behind a Protective Wind Barrier. 
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exception: not valid within two slant heights from the side edges 


Hgure 7-1 b. Steady State Wind Normalized Pressure Coefficient Envelope for 
Arrays Within an Array Field or Behind a Protective Wind Barrier 
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• Cjn based on wind reference velocity at 10 meters 
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Figure 7-2a. Steady State Wind Normal Force Coefficient Envelope for the Two 
Outer Boundary Array Bows in an Array FhU Unprotected from the 
Wind 
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Figure 7-2b. Steady State Wind Normalized Pressure Coefficient Envelope for the 
Two Outer Bourtdary Array Rom in an Array Field Unprotected from 
the Wind 
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Figure 7-3a. Steady State Wind Pressure Coefficient and Normal Force 
Coefficient Guidelines for Edge Arrays in an Array Field 
(No Fence) 
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Figure 7-3b. Steady State Wind Pressure Coefficient and Normal Force 
Coefficient Guideiines for Edge Arrays in an Array Field 
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figure 7 -3c. Steady State Wind Pressure Coefficient and Normal Force 
Coefficient Guidelines for Edge Arrays in an Array Field 
(Fence with Modified Corrters) 
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8.0 NEW TECHNOLOGY 


No reportable items of new technology have been identified by Boeing during 
the contract of this work. 
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1 . INTRODUCTION 


An important factor influencing the design and subsequently 
cost of large photovoltaic power generating systens, which involve a 
large nuaber of si^>le structural eleaents and siqpports, is the 
■agnitude of wind>induced loads. It has been recognized that usual 
design procedures* like the ANSI code (A58.1 - 1972) for example [11, 
are not adequate for accurate wind design of these repetitive* 
photovoltaic arrays with their distinctive configuration* orientation 
and liaited height. In fact* the inforaation presently available in 
the technical literature is not sufficient even for an optiaua design 
of the structure for supporting a single photovoltaic array. Wind 
loads on individual arrays at different locations in a large array 
field are aore difficult to deteraine as they vary according to the 
array location in the field and wind direction in a co^ilicated 
Banner. Higher loads are expected to exist at the edges of the field* 
but those can be reduced by carefully designed fences or barriers. 

A theoretical study of the aerodynaaics of flat plate arrays 
was recently aade by Ronald D. Miller and Donald ZiimerBan [2] at the 
Boeing Engineering and Construction Conpany (BECC) . The study identi- 
fied the basic features of the flat plate array loading which can be 
used for design purposes. It has been recognized by the authors, 
however* that theoretically derived design criteria are conservative 
and a wind-tunnel study of the wind loadings of such arrays was 
therefore recoBBended^. 



This report describes the experimental study of wind loading 
on flat plate photovoltaic arrays and array fields performed in 
the Meteorological Wind Tbnnel of the Fluid Dynamics and Diffusion 
Laboratory at Colorado State University for BECC. The experimental 
program was developed in cooperation with Ronald D. Miller (BECC) . 

The program's objectives were to determine the pressure distribution 

and forces acting on photovoltaic arrays for different angles of 
attack, two wind directions, head on winds and cornering winds (W> = 0“ 
and 45* as defined in Figure 11) and two velocity profiles, as well as 
to investigate the effect of different fences and barriers on the wind 
loading at the edges and comers of an array field. 

The wind-tunnel results were analyzed and the effect of the various 
parameters are presented in a form permitting calculation of the wind 
loading on prototype photo/oltaic structures. 

In view of the large nunber of data points collected in the 
report, it was found convenient to present most of the pressure mea- 
surements in a separate i^pendix. llie main report includes, 
however, a full description of the various runs and the calculated 
values of the normal force coefficient, the maxirniaa local pressure 
coefficient and its location for each run in a tabulated form 
(Table 1 to 16) as well as a graphical representation of these data. 
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2. EXPERIMENTAL 0)NFIGURATI(»( 


2.1 Wind Tunnel 

The Meteorological Wind Tunnel of the Fluid Dynamics and Liffusion 
Laboratory at Colorado State University (Figure 1) is characterized 
by a long (96 ft), slightly diverging test section, 6 ft-8 in. wide (at 
the turntable) and 6 ft high. The ceiling is adjustable to avoi., 
pressure gradient along the test section. This facility is driven by a 
400 HP variable pitch propeller with air flow velocity varying 
continuously from 0.3 up to 100 ^s. 

2.2 Flow Simulation 

The primary consideration in modeling wind forces on structures 
in a wind tunnel is that the wind characteristics in the tunnel 
simulate natural boundary-layer winds at the actual site. In general 
this requires that the vertical distribution of mean velocity and 
turbulence in the wind tunnel boundary layer match those at the site 
and that the Reynolds numbers of the model and the prototype be equal. 
In addition, the small-scale model must be geometrically similar to 
its prototype. A detailed discussion of these requirements and their 
implementation in the wind-tunnel environment can be found in 
references 3, 4, and 5. 

The construction of a 1:24 scale model of a prototype structure 
and its immediate surroundings (in this case, a flac, open area), 
submerged in a turbulent boundary layer of the Meteorological Wind 
Tunnel, shown in Figure 1, satisfies all the above criteria except 
those of equal Reynolds numbers and similarity of turbulence 
intensity and scale. 



The kinematic viscosity v appearing in the Reynolds number 

UD/v is the same for both the tunnel and th^ full-scale structure. 

Because of this* the wind-tunnel air speed, U, would have to be 

24 times the full-scale value if the model and prototype Reynolds 

numbers are to be equal. Testing at such high wind speeds is not 

4 

feasible. However* for Reynolds numbers larger than 2 x 10 for 
sharp-edged structures where the flow separation point is fixed* 
there is no significant change in the values of aerodynamic coeffi- 
cients as the Reynolds number increases. Since typical Reynolds 

number values are 10^-10^ for high-wind* full-scale flow about 
4 

5 X 10 for wind-tunnel flows, acceptable flow similarity is 
achieved without equality of Re 3 molds numbers. 

At a model scale of 1:24* the larger scales of turbulence 
in the atmospheric boundary layer are not simulated in the wind- 
tunnel flow. However* because the integral scale of the turbulence 
in the wind tunnel was 2 to 3 times the largest dimension of the 
model collector* the influence of the scale of turbulence is not 
expected to be significant [6]* Evidence exists which demonstrates 
some influence of turbulence intensity on drag of flat plates 
[6*7*8]. Because the turbulence intensity difference between the 
current simulation and a simulation with complete similarity of 
turbulent structure is not large* the effects due to turbulence 
intensity should be small. For cases where an upstream collector 
disturbs the approach flow* turbulence characteristics are dominated 
by the wake characteristics of the upstream object and possible 
differences due to turbulence Intensity should further decrease. 



An important factor which affects the wind loadings is the 
structure of the atmospheric boundary layer near the ground. The 
boundary layer which develops over a flat terrain is usually 
characterized by a non-uniform velocity profile which is closely 
described by a l/7th power law mean velocity distribution. It is 
impossible to simulate in a wind tunnel the entire atmospheric 
boundary layer at the desired model scale for this study (1:24). One 
can, however, simulate the lower part of the atmospheric boundary 
layer in a 45 in. deep wind tunnel boundary layer (3-5). 

The shape of the l/7th power law boundary layer, which will be 
referred to as the Nonuniform flow 1 was obtained by means of 
selected roughness on the wind-tunnel floor upstream of the model. 

Forty ft of test section length were covered with 1 in. cubes 
followed by a 40 ft length of pegboard with 0.25 in. diameter 
pegs projecting 0.5 in. above the pegboard base (see Figure 2). In 
addition to the floor roughness, four triangular spires were 
installed at the test section entrance in order to get a thicker 
boundary layer than would otherwise be obtained. The normalized 
velocity and turbulence profiles of this boundary layer are shown 
in Figure 3 and data is tabulated in the Appendix. Turbulence intensity 
is the root-inean-.‘:quare of the longitudinal fluctuating velocity 
divided by the local mean velocity. The turbulence intensity reached 
values of 20 percent in the boundary layer. 

The spectrum of longitudinal velocity fluctuations is shown in 
Figures 4 and 5, including two suggested analytical models of 
velocity spectra for the atmosphere by Harris (9) and Davenport (10). 
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The spectra were obtained at 4 and 8 in. above the wind-tunnel floor. 

2 

In this plot N is frequency, F(N) is the velocity spectrum, is 

the variance of the fluctuating velocity, 6 is the simulated boundary 

layer height (900 ft full-scale), and U. is the velocity at 6. The 

0 

region where turbulence structure may be important to the determination 
of mean loading ranges upward from abscissa values of about 20 for wind 
speeds up to about 30 mph at 30 ft. Thus, the simulation has a turbu- 
lence intensity somewhat too high in the frequency range affecting 
mean wind loading on the model and too low in the low-frequency gusts. 

The "Uniform Flow” velocity profile was obtained by placing the 
model at the upstream end of the test section. The measured velocity 
profile at that station, shown in Figure 6, indicates that a very thin 
boundary layer has developed along the short upstream section. Its 
effect on the wind loading on elevated panels is expected, however, 
to be small. A typical velocity distribution across the tunnel is 
shown in Figure 7. 

2.3 The Models 

Aluminum models of the flat photovoltaic array field having a 
geometrical scaling of 1:24 (Figure 2) and 1:12 (Figure 8) were 
constructed. (The 1:12 model was used in a limited number of tests 
only) . 

The chord size of the 1:24 model was c = 4 ir., corresponding 
to a prototype value of 8 ft. Rows of pressure taps were drilled on 
each face of the array as shown in Figure 10. Each pressure tap 
represents the average pressure along a small section of the chord. 

The row at the edge of the array was used to study the wind loading 
at the side edge of the field. 



To study the wind loadings on an array located in an array field, 
1:24 scale models of array rows were constructed, which could be 
placed on the wind tunnel floor at desired locations to simulate 
the relative position in the field on the array with the pressure 
taps on which the wind loading was measured. Figure 2 shows a 
photograph of a 1:24 model of a photovoltaic array field in the wind 
tunnel. Figure 8 shows a photograph of the 1:12 model. 

The fence was simulated in the model by perforated sheet metal, 
with holes of 3/16 in. diameter, having the same porosity (about 
30 percent) as the prototype fence (see Figure 9) . 
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3. INSTRUMENTATION AND DATA ACQUISITION 

3.1 Measurements of Flow Characteristics 

Velocity and turbulence intensity profiles for the approach 

flow under test conditions were made at the locations of the model 

in the tunnel (turntable) with the model removed. 

The measurements were made with a Thermosystems Model 1050 

constant -temperature anemometer with a 0.001 in. diameter platinum 

film sensing element 0.02 in. long. The sensing probe was attached 

to a vertical traverse to measure velocities and turbulent intensities 

at different heights. Output was processed through the Laboratory 

on-line digital data acquisition system. 

Tests were made at only one wind speed in the tunnel around 

50 ft/sec. This wind was sufficiently high to ensure Reynolds number 

similarity between the model and prototype. 

The reference velocity at each test was measured using a pitot- 

static tube which was connected to a Setra differential pressure 

transducer. The pitot tube was placed outside the simulated boundary 

2 

layer and recorded the value of = pU^/2, where p is the mass 
density of the air. The ratio of the reference velocity Uj.g£» ® 
prototype height of 10 m above the ground, to U^ was determined from 
the velocity distribution of the boundary layer according to the scale 
of the model. The value 



00 


( 1 ) 
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at the height corresponding to 10 m above ground in the prototype 
was later used in calculating the dimensionless force and moment 
coefficients of the array, so that it was not necessary to measure 
the density of the air. 


3.2 Pressure Measurements 

Each pressure tap was connected through a pressure switch to a 
calibrated Setra differential transducer which measured the value 
of the local pressure above the ambient pressure at the test 
section away from the model. The output from the pressure 
transducers was recorded for 16 seconds at a 250 sample per second 
rate. The data was then analyzed by a Hewlett-Packard System 
1000 minicomputer under program control and recorded. The 
minicomputer calculated the local pressure coefficients and 
using the reference total value at 30 ft prototype height. 


C 


P 


P 

^ref 


( 2 ) 


3.3 Normal Force Calculations 

The local force per unit area acting on each section of the 
array is equal to the difference in the pressures measured at the 
center of that section on the opposite faces of the array. The 
magnitude of this pressure difference is 

Ap(s) - face of array ' upper face of array 

where s designates the position of the section as defined in 
Figure 11. A positive value of Ap(s) will thus correspond to a 
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normal net force per unit area with an upward component as shown 
schematically in Figure 11. 

The dimensionless local pressure difference is defined as 



AP 

^ref 


(4) 


The maximum value of this coefficient, AC 


is of particular 


'^max 


interest. The normal force N acting on the entire array can be 
calculated by integrating the value of Ap(s) over the cord. 
Similarly, the normal force coefficient Cj^ is given by 

c 


^ - N-i r 

'N " c ~ c I 


AC (s) ds 
P 


(S) 


The direction of a positive normal force is shown in Figure 11 . In 
most cases one would expect to find negative values of Cj^ for 
a > 90“. 



4. PRESENTATION AND ANALYSIS OF THE EXPERIMENTAL DATA 


4.1 Single Array Tests 

Typical records of the pressure distribution on a single photovoltaic 
array for head-on winds (WD =0") in the uniform flow are shown in Figures 
12-14,* The solid lines in Figure 12 show the local pressure coefficient 
distributions on the upstream face of the panel. Positive values are 
usually recorded on the upstream face. The pressure coefficients on the 
downstream face, marked by dashed lines, are negative and hardly vary 
across the panel, indicating a flow separation, which was observed in 
the flow visualization study for both the single array and many of the 
arrays in an array field, see for example Figure 31, The shape of 
the pressure distribution curves on the upstream face of the panel is 
almost symmetric for ot = 90®, but it becomes more and more skewed 
as the angle of attack decreases (t-igure 12) or increases (Figure 13). 
Figure 14 shows the same data out for a large ground clearance, 

H/c = “> (actually measured at H/c = 1.7). 

Comparing Figures 12 and 14 one finds that the pressure distribution 
on the upstream face of the panel is not affected to a large extent 
by the ground clearance. The back pressure, on the other hand, 
appears to change significantly. A value of = -1.35 was recorded 
for o = 90®, H/c = ®, whereas a value of = -0.75 was recorded 
for the same angle of attack witii a ground clearance of H/c = 0.25. 


This reduction of the back pressure reduces significantly the normal 
force acting on the plate. Figure 15 shows the absolute values of 


•Unless explicitly stated, the data refers to the measurements 
at the center of the array (see Figure 10) . 
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the normal force for all the single array tests in a uniform flow. 
Evidently, the same effect is apparent at all angles of attack. 

The reduced drag at small ground clearances may be due to the 
changes in the wakes caused by the reduction in the eddy size 
downstream of the panel. It should be recalled that the approach 
velocities in these tests are independent of height. The complicated 
nature of the interaction between these eddies and the flow, which 
determine the base pressure, makes it difficult to pret’ict the value 
of these pressures theoretically. 

The pressure distributions on a jingle array (H/c - 0.25) in 
a nonuniform flow are shown in Figures 16 and 1'^. A clear reduction 
of the pressure coefficients relative to those in the uniform flow 
is observed. The corres^'onding absolute values of the normal force 
for the two cases are shown in Figure 18. The average ratio 
C|^ (uniform) /Cj^ (nonuniform) is 1.43 5% for these tests. This 

large reduction is primarily due to the relatively small wind 
speeds at the height of the array for the nonuniform velocity 
profile. It should be recalled that is measured at the 

height of 10 m above the ground whereas the center of the panel, 
for this value of ground clearance, varies from 3.36 ft for a = 20“ 

to 6 ft for a * 90“ . The corresponding ratios of q^^f/q^enter of panel 
^or these cases in a l/7th power law velocity distribution are 1.89 
and 1.61 respectively. Obviously, the difference in the dynamic 
pressure of the free stream at the height of the panel alone cannot 
fully explain the observed changes. Comparing the ratio of the back 
pressures in the two cases, for example, one finds an average ratio 



of almost 2, whereas the ratio of .he pressure coefficients on the 
upstream face of the panel is only around 1.5. The shape of the 
corresponding pressure distribution curves is also different for the 
two cases. 

4.2 Array Field Tests 

A Wide field of photovoltaic arrays is characterized by the 
separation distance, x/c, between the array (see Figure 11) and 
their angle of attack. The value of the normal force acting on 
each array depends, of course, on its position in the field. 

Figure 19 shows the values of for the 1st, 2nd and 5th arrays 

(from the upstream edge of the field) for head-on uniform winds. 

The magnitudes of the normal force on array No. 1 are approximately 
equal to their values in a single arra^ . A drastic reduction in 
the magnitude of the normal forces on the 2nd and 5th arrays is 
observed. In some cases the direction of the normal forc»- i~, 
reversed. 

The magnitude f the forces acting on the 1st ari"'/ can be 
reduced by building a fence or a barrier (zero porosity fence) 
upstream of the field. The effect of the fence depends on its 
porosity, height and distance. Figure 20 shows the effect of a 
30 percent porosity fence and a zero porosity fence on the magni- 
tude of the normal forces acting on the 1st and 2nd rows for 
different fence heights, and for an angle of attack a = 35®. 

Similar results are obtained at different angles of attacks 
(see Figure 21). 



A-14 


The magnitude of the ..'‘rmal forces at the edge of an array, 
in case of head-on winds, is expected to be smaller than that of 
the forces acting on the cenrer of the array. In case of side 
winds, however, the edges of the field and particularly the upstream 
comer will be exposed to higher loads. These forces can be reduced 
by a side fence and/or by different corner fence configurations. 

Figure 22 shoi-»s the comer fence configurations tasted in this study. 
Their effect on the magnitude of the normal force for cornering winds 
is shown in Figure 23, which clearly exhibits the effect of properly 

designed fences on the normal forces at the field edges and corners. 

Another way to reduce forces at the edge of the array field is 
to extend the array by an inexpensive stronger structure or by modi- 
fying the shape of the array edges. Several configurations, shown 
in Fig-,e 24, have been studied. The fence configurations are also 
tabulated in Table 17. Their effect on the normal forces at the comer 

for WD = 45“ is shown in Figure 25 for a = 35“ and a = 145“. 

An overall view of the results and the effect of the various 
parameters on the normal forces is shown in Figures 26-30. Figures 26 
and 27 show the effect of the distance between the arrays for different 
angles of attack. Figure 28 summarizeo the fence study for head-on 
winds. Figures 29-30 show the effec, of the corner fences and the 
modifications of the array edges. All test configurations investigated 
for this study ar-j listed in Table 18. 

4.3 Flow Visualization 

Flow visualization was used in this study to explore the structure 
of the flow in the array field and to obtain a better understanding of 
the force and pressure measurements. 
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Figure 31a shows the wake behind the first array in the field 
and behind an array in the center of the field. Clear flow separa- 
tion is observed for this angle of attack and spacing. Figures 31b 
and 31c show the structure and the nature of the flow at different 
points between the arrays. 

Figure 32 shows two comer fence configurations and their effect 
on the flow structure near the fence. 
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5. cwk:lusions 

Wind loadings on photovoltaic arrays in . large array field were 
measured on 1:24 and 1:12 scale wind-tunnel models. The dimensionless 
pressure and force coefficients measured are independent of the Reynolds 
number and can therefore be used for the design of prototype arrays. 

Considerable differences were found between the normal force 
coefficients for uniform and nonuniform velocity fields. The arrays 
at the edges and comers of the field will usually be exposed to much 
larger forces than the arrays in the interior of the field. These 
forces can be considerably reduced, however, by fences and barriers. 

Data is presented which make it possible to design the prototype array 
field and fences for given atmospheric winds. 
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Figure 1. Meteorological Wind Tunnel 
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Figure 10. Position of Pressure Taps on Instrumented Model 
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Figure 12. Front and Back Pressures on a Single Array 
in Uniform Flow, WD = 0°, H/c = 0.25, 
a = 20°, 35°, 60° and 90° 
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Figure 13. Front and Back Pressures on a Single Array in Uniform 
Flow, WD = 0% U/c = 0.25, a = 120% 145* and 160° 
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I'igurc 14. Front and Back Pressures on a Single .Array in Uniform 
Flow, WD = 0°, H/c = infinity, a = 20°, 30°, 60°, 
and 90' 
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Figure 15. Absolute Values of Normal Force Coefficients 
on a Single Array in Uniform Flow, WD = 0° 
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Figure 16. Front and Back Pressures on a Single Array in 
Nonuniform Flow, WD = 0°, H/c = 0.25, a = 20°, 
30°, 60° and 90° 
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Figure 17. Front and Back Prei.>ares on a Single Array in 
Nonuniform Flow, WD * 0“, H/c = 0.25, a = 120°, 
145° and 160° 
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Figurv' 13. Absolute Values of Normal Force Coefficients 
on a Single Array in Nonuniform and Uniform 
Flows. WD = 0“, H/c = 0.25 
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Figure 19. Normal Force Coefficients for an Array Field 

in Uniform Flow, WD = 0", x/c = 2.0, H/c = 0.25, 
No Fence 
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Figure 20. Normal Force Coefficients for an Array Field 
with a Fence of Various Height and Porosity, 
WD = 0“, x/c = 2.0, H/c * 0.25, a = 35" 
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Figure 21. Normal Force Coefficients for an Array Field 
with a Fence of various Height and Porosity, 
WD = 0°, x/c = 2-0, H/c = 0.25, o = 145“ 
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Figure 22. Comer Fence Configurations 
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Figure 23. Normal Force Coefficients for an Array Field with 
Various Fence Configurations; WD = 45*’, x/c - 2.0, 
H/c = 0.25, MC = 0 
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Figure 24. Model Configurations 
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Figure 26. Normal Force Coefficients for an Array Field in Nonuniform Flow, 
No Fence, WD = 0“, H/c = 0.25, a * 20®, 35°, 60° and 90° 
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Figure 27. Normal Force Coefficients for an Array Field in Nonuniforni Flow, 
No Fence, WD = 0°, H/c = 0.25, a = 120*, 145* and 160° 
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2.0, H/c = 0.25, a = 35®, Nonuniform Flow 
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Figure 29b. Normal Force Coefficients tor an Array Field, Edge and Corner Studies 
x/c = 2.0, H/c = 0.25, a = 145“, Nonuniform Flow 





WIND 


A-52 



O lu Csi 


CO 

o 

cn 

0) 

l-l 

3) 

1^4 



WIND 


A-53 



Study with Various Fence and Model Configurations 
x/c = 2.0, H/c = 0.25, a = 145®, Nonuniform flow 
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TABLES 
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Table 

1. Normal 
for a 

Force 

Single 

and Maximum Pressure Difference 
Array in Uniform Flow 


File Name 

H/c 

a 

S 

A C 

p max 

s /c 

max 

A02001 

0.25 

20 

1.086 

1.53 

0.98 

A03501 

0.25 

35 

1.145 

1.45 

0.89 

A06001 

0.25 

60 

1.283 

1.^8 

0.83 

A09901 

0.25 

90 

1.320 

1.46 

0.59 

A12001 

0.25 

120 

-1.320 

-1.48 

0.29 

A14501 

0.25 

145 

-1.024 

-1.46 

0.06 

A16001 

0.25 

160 

-0=885 

-1.37 

0.05 

B02001 

0.5 

20 

1.015 

1.66 

0.96 

B06001 

0.5 

60 

1.523 

1.76 

0.74 

B09001 

0.5 

90 

1.534 

1.74 

0.42 

B12001 

0.5 

120 

-1.440 

-1.73 

0.18 

B 16001 

0.5 

160 

-0.936 

-1.49 

0.04 

C02001 

ac 

20 

1.133 

1.79 

0.97 

C03501 

Oo 

35 

1.715 

2. 13 

0.91 

C06001 

ao 

60 

2.228 

2.48 

0.71 

C09001 

00 

90 

2.168 

2.35 

0.42 
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Table 2. 

NoiiHal Force and Maximum Pressure Difference 
for an Array Field in Uniform Flow, x/c = 2,0 

File Name 

Array # 

a 

S 

A C 

p max 

3 /c 

max 

E02001 

1 

20 

0.717 

1.06 

0.96 

E02101 

2 

20 

0.210 

0.82 

0.73 

E02201 

5 

20 

0.267 

0.91 

0.86 

E03501 

1 

35 

1.006 

1.24 

0.91 

E03601 

2 

35 

0.383 

0.75 

0.26 

E03701 

5 

35 

0.100 

0.20 

0.45 

E06001 

1 

60 

1.220 

1.39 

0.84 

E06101 

2 

60 

-0.05.' 

0.32 

0.05 

E06201 

5 

60 

0.011 

-0.04 

0.46 

E09001 

1 

90 

1.400 

1.56 

0.58 

E09101 

2 

90 

-0.156 

-0.28 

0.59 

E09201 

5 

90 

-0.056 

-0.07 

0.42 

E12001 

1 

120 

-1.419 

-1.60 

0.27 

E12101 

2 

120 

0.277 

0.38 

0.28 

E12201 

5 

120 

-0.026 

-0.10 

0.92 

E14501 

1 

145 

-1.02J 

-1.38 

0.04 

E14601 

2 

145 

-0.031 

-0.11 

0 . 7 :. 

E14701 

5 

145 

-0.072 

-0.10 

0.83 

E 16001 

1 

160 

-0.734 

- ' . 10 

0.05 

E16101 

2 

160 

-0.348 

-0.48 

0.05 

E16201 

5 

160 

-0.084 

-0.10 

0.59 
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Table 3. Normal Force and Maximum Pressure Difference 
for an Array Field in Uniform Flow, 
x/c = 1.5 and 3.0 


File Name 

x/c 

Array # 

a 


A C 

p max 

s /c 

max 

D03501 

1.5 

1 

35 

1.065 

1.32 

0.92 

DO 3601 

1.5 

2 

35 

0.034 

0.43 

C.97 

D03701 

1.5 

5 

35 

0.123 

0.25 

0. 19 

D14501 

1.5 

1 

145 

-1.076 

-1.44 

0.05 

D14601 

1.5 

2 

145 

0.168 

0.30 

0.08 

F03501 

3.0 

1 

35 

0.925 

1.13 

0.97 

F03601 

3.0 

2 

35 

0.326 

0.48 

0.26 

F03701 

3.0 

4 

35 

0.081 

0.12 

0.95 

F14501 

3.0 

1 

145 

-0.937 

-1.38 

0.06 

F14601 

3.0 

2 

145 

-0.063 

-0.08 

0.56 

F14701 

3.0 

4 

145 

-0.116 

-0.14 

0.74 
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Table 4. Normal Force and Maximum Pressure Difference 
for a Single Array in Nonuniform Flow 


File Name 

H^/c 

a 


AC* 

P max 

s /c 

max 

G02001 

— 

20 

0.725 

0.96 

0.96 

GC3501 

— 

35 

0.832 

0.98 

0.85 

G06001 

— 

60 

0.918 

1.02 

0.74 

G09001 

— 

90 

0.974 

1.05 

0.44 

G12001 

— 

120 

-0.903 

-1.04 

0.16 

G14501 

— 

145 

-0.710 

-0.99 

0.05 

G 16001 

— 

160 

-0.608 

-0.87 

0.05 

GOllOl 

0.25 

35 

0.504 

0.71 

0.96 

G01201 

0.5 

35 

0.295 

0...1 

0.96 

G01301 

0.75 

35 

0.143 

0.18 

0.82 

G01401 

1.0 

35 

0.099 

0.11 

0.81 

G01501 

1.25 

35 

0.286 

0.34 

0.85 

G02101 

0.25 

145 

-0.577 

-0.66 

0.32 

G02201 

0.5 

145 

-0.309 

-0.38 

0.56 

G02301 

0.75 

145 

-0.120 

-0.14 

0.54 

G02401 

1.0 

145 

-0.066 

-0.08 

0.08 

G02501 

1.25 

145 

-0.196 

-0.28 

0.06 


*referenced to 10 m on protOw/pe 
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Table 5- Normal Force and Maximum Pressure Difference 
for an Array Field in Nonuniform Flow, 
x/c = 2.0 


File Name 

Array # 

a 

C * 
N 

AC* 
p max 

s /c 

max 

102001 

1 

20 

0.521 

0.73 

0.95 

102101 

2 

20 

0.311 

0.38 

0.74 

102201 

5 

20 

0.203 

0.31 

0.90 

103501 

1 

35 

0.645 

0.76 

0.31 

103601 

2 

35 

0.132 

0.29 

0.20 

103701 

5 

35 

0.123 

0.15 

0.74 

106001 

1 

60 

0.829 

0.90 

0.75 

106101 

2 

60 

0.039 

0.34 

0.06 

106201 

5 

60 

0.063 

0.08 

0.83 

109001 

1 

90 

0 . 874 

0.97 

0.28 

109101 

2 

90 

-0.109 

-0.20 

0.57 

109201 

5 

90 

0.034 

0.08 

0.96 

112001 

1 

120 

-0.841 

-0.94 

0.17 

112101 

2 

120 

0.101 

0.17 

0.42 

112201 

5 

120 

-0.031 

-0.08 

0.92 

114501 

1 

145 

-0.609 

-0.83 

0.05 

114601 

2 

145 

-0.091 

-0.11 

0.13 

114701 

5 

1-5 

-0.062 

-0.08 

0.78 

116001 

1 

150 

-0.494 

-0.71 

0.05 

116101 

2 

160 

-0.211 

-0.32 

0.05 

116201 

5 

160 

-0.066 

-0.08 

0.59 


^referenced to 10 ra on prototype 
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Table 6. Normal Force and Maximum Pressure Difference 




for an Array Field 
x/c = 1.5 and 3.0 

in Nonuniform 

Flow, 


File Name 

x/c 

Array # 

a 


AC* 
p max 

s /c 

max 

H03501 

1.5 

1 

35 

0.732 

0.85 

0.93 

H03601 

1.5 

2 

35 

0.038 

0.29 

0.16 

H03701 

1.5 

5 

35 

0.129 

0.18 

0.43 

H14501 

1.5 

1 

145 

-0.(=06 

-0.81 

0.05 

H14601 

1.5 

2 

145 

0.077 

0.17 

0.05 

H14701 

1.5 

5 

J45 

-0.045 

-0.11 

0.82 

J03501 

3.0 

1 

35 

0.708 

0.83 

0.93 

J03601 

3.0 

2 

35 

0.278 

0.42 

0.40 

J03701 

3.0 

4 

35 

0.143 

0.21 

0.82 

J14501 

3.0 

1 

145 

-0.595 

-0.78 

0.05 

J14601 

3.0 

2 

145 

-0.164 

-0.18 

0.56 

J14701 

3.0 

4 

145 

-0.087 

-0.10 

0.63 


^referenced to 10 m on prototype 
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Table 7. Normal Force and Maximum Pressure Difference 
for an Array Field with a Fence, H,/c = 0.75, 
Pf = 30%, Xj/c = 1.25 

File Name 

Array # 

ot 


C * 
N 

AC* 
p max 

s /c 

max 

K03501 

1 

35 


0.168 

0.20 

0.82 

K03601 

2 

35 


0.081 

0.10 

0.53 

K03701 

5 

35 


0.092 

0.14 

0.90 

K09001 

1 

90 


0.476 

0.53 

0.84 

K09101 

2 

90 


-0.063 

-0.13 

0.46 

K09201 

5 

90 


0.039 

0,08 

0.86 

K1A5G1 

1 

145 


-0.129 

-0.15 

0.17 

K14601 

2 

145 


-0.048 

-0.06 

0.76 

K14701 

5 

145 


-0.045 

-0.07 

0.77 

Kieool 

1 

160 


-0,041 

-0.06 

0.11 

K16101 

2 

160 


-0.011 

-0.03 

0.82 

K16201 

5 

160 


-0.050 

-0.07 

0.61 


*referenced to 10 m on prototype 
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Table 8. Normal Force and Maximum Pressure Difference 


for an Array Field with a Fence, H_/c =0.75, 
Pj; = 30%, x^/c = 2.5 


File Name 

Array # 

a 

V 

AC* 
p max 

s /c 

max 

L03501 

1 

35 

0.119 

0. 13 

0.58 

L03601 

2 

35 

0.083 

0.11 

0.83 

L03701 

5 

35 

0.104 

0.13 

0,84 

L09001 

1 

90 

0.335 

0.38 

0.83 

L09101 

2 

90 

-0.020 

-0,04 

0,44 

L09201 

5 

90 

0.042 

0.08 

0.92 

L1A501 

1 

145 

-0.115 

-0.13 

0.73 

L14601 

2 

145 

-0.056 

-0.08 

0.77 

L14701 

5 

145 

-0.043 

-0.08 

0.85 

L16001 

1 

160 

-0.029 

-0.06 

0.12 

L16101 

2 

160 

-0.024 

-0.03 

0.58 

L16201 

5 

160 

-0.052 

—0.08 

0.58 

^referenced 

to 10 m on 

prototype 
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Table 9. Normal Force and Maximum Pressure Difference 


for an Array Field with a Fence, Hj./c = 0.75, 
Pj = 30%. Xj/c = 5.0 ^ 


File Name 

Array # 

a 

S* 

AC* 
p max 

s /c 

max 

M03501 

1 

35 

0.097 

0.13 

0.83 

M03601 

2 

35 

0.102 

0, 14 

0.84 

M03701 

5 

35 

0,122 

0.17 

0.95 

M09001 

1 

90 

0.266 

0.34 

0.82 

M09101 

2 

90 

0.013 

0.03 

0.24 

M09201 

5 

90 

0.050 

0,08 

0.96 

M14501 

1 

145 

-0.148 

-0.27 

0.44 

M14601 

c 

145 

-0.060 

-0.10 

0.77 

M14701 

5 

145 

-0.049 

-0.08 

0.76 

M16001 

1 

160 

-0.048 

-0.06 

0.28 

M16101 

2 

160 

-0.049 

-0.07 

0.60 

M16201 

5 

160 

-0.063 

-0.08 

0.55 

^referenced 

to 10 m on 

prototype 
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Table 10. Normal Force and Maximum Pressure Difference for an Array 



Field with a 

Fence 

of 

Various 

Height 

and Porosity 


File Name 

^f 

H^/c 

Arvay 

if 

a 

s 

AC* 

p max 

s /c 

max 

NlllOl 

30% 

0.25 

1 


35 

0.339 

0.49 

0.96 

011101 

30% 

0.25 

2 


35 

0.170 

0.22 

0.41 

N11201 

30% 

0.5 

1 


< - 

0.195 

0.27 

0.95 

011201 

30% 

0.5 

2 


35 

0 . V-* 1 

0.20 

0.89 

N11401 

30% 

1.0 

1 


35 

0.094 

0.11 

0.42 

011401 

30% 

1.0 

2 


35 

0 .052 

0.08 

0.43 

N11501 

30% 

1.25 

1 


35 

0 . 15 J 

0 . 20 

0.91 

011501 

30% 

1.25 

2 


35 

0.077 

0.13 

0.42 

N12101 

30% 

.1.25 

1 


145 

-0.519 

-0.64 

0.15 

012101 

30% 

0.25 

2 


145 

-0.010 

-0.06 

0.76 

N12201 

30% 

0.5 

1 


145 

-0.293 

-0.34 

0.7] 

012201 

30% 

0.5 

2 


145 

-0.046 

-0.10 

0.78 

N12401 

30% 

1.0 

1 


145 

-0.052 

-0.07 

0.18 

01240] 

30% 

1.0 

2 


145 

-0.013 

-0.06 

0.74 

N12501 

30% 

1.25 

1 


145 

-0.077 

-0.13 

0.14 

012501 

30% 

1.25 

2 


145 

-0.010 

-0.03 

0.74 

N01301 

0% 

0.->5 

1 


35 

-0.042 

-0.06 

0.26 

0C1301 

0% 

0.75 

2 


35 

-0.022 

-0.04 

0.26 

N02301 

0% 

0.75 

1 


145 

0. 101 

0.15 

0.41 

002301 

0% 

0.75 

2 


145 

0.021 

0.06 

0.26 


*referenced to 10 m on prototype 
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Table 11. Normal Force and Maximum Pressure Difference 


for an Array Field, Edge Study 


File Name 

Fence 

Array # 

a 

C * 
N 

AC* 
p max 

s /c 

max 

P03501 

/ 

1 

35 

0.083 

>.18 

0.91 

P03601 

/ 

2 

35 

0.073 

0.17 

0.92 

P03701 

/ 

t, 

35 

0.137 

0.29 

3.94 

P14501 

/ 

1 

145 

-0.056 

-0.08 

3.83 

P14601 

/ 

2 

145 

-0.038 

-0.08 

0.83 

P14701 

i 

1 

5 

145 

-0.1..8 

-0.17 

0.73 

Q03501 

— 

1 

35 

0.524 

0.78 

0.95 

Q03601 

— 

2 

35 

0.150 

0.32 

0.92 

Q03701 

— 

5 

35 

0.225 

C.46 

0.95 

Q14501 

— 

1 

145 

-0.504 

-0.71 

0.05 


— 


145 

-0.200 

-0.34 

0.06 

Q14701 

— 

5 

145 

-0.227 

-0.36 

0.06 

^referenced 

to 10 m 

on prototype 
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Table 12. Normal Force and Maximum Pressure Difference 
for an Array Field, No Fence, Comer Study 


File Name 

MC 

Array # 

Gt 

S* 

AC* 
p aax 

W' 

U03501 


1 

35 

1.285 

1.48 

o.so 

U03601 

0 

2 

35 

1.030 

1.27 

0.90 

U03701 

0 

3 

35 

1.018 

1.26 

0.90 

»ri450. 

o 

1 

145 

-1.123 

-2.34 

0.03 

U146C* 


2 

145 

-1.165 

-2.04 

0.03 

U14701 

^9 

3 

145 

-1.180 

-2.03 

0.03 

V03501 

1 

1 

35 

0.697 

1.36 

0.83 

V03601 

1 

2 

35 

0.546 

0.76 

0.81 

V03701 

1 

3 

35 

0.531 

0.76 

0.81 

V14501 

1 

1 

1^5 

-0.693 

-1.13 

0.24 

V14601 

1 

2 

145 

-0.595 

-0.90 

0.21 

V14701 

1 

3 

145 

-0.638 

-0.97 

0.21 


^referenced to 10 m on prototype 


5 
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Table 13. Normal Force and Maximum Pressure Difference for 
an Array Field with Various Fences, Comer Study 


File Name 

FC 

Array # 

a 

S* 

AC* 
p max 

s /c 
max 

ROllOl 

1 

1 

35 

0.655 

1.93 

0.96 

SOI 101 

1 

2 

35 

0.433 

1.09 

0.96 

TOllOl 

1 

3 

35 

0.328 

0.62 

0.96 

R02101 

1 

1 

145 

0.879 

-1.04 

0.41 

S02101 

1 

2 

145 

-0.791 

-1.02 

0.04 

T02101 

1 

3 

145 

-0.490 

-0.53 

0.46 

R01201 

2 

1 

35 

0.172 

0.52 

0.96 

.01201 

2 

2 

35 

0.274 

0.71 

0.96 

T01201 

2 

3 

35 

0.444 

1.22 

0.96 

R02201 

2 

1 

145 

-0.265 

-0.28 

0.56 

S02201 

2 

2 

145 

-0.438 

-0.49 

0.43 

T02201 

2 

3 

145 

-0.668 

-0.76 

0.39 

R01301 

3 

1 


0.178 

0.52 

0.96 

SO 1301 

3 

2 

3: 

0.192 

0.52 

0.96 

T01301 

3 

3 

35 

0.216 

0.67 

0.96 

R02301 

3 

1 

145 

-0.182 

—0.20 

0.73 

S02301 

3 

2 

145 

-0.312 

-0.34 

0.58 

T02301 

3 

3 

145 

-0.389 

-0.43 

0.42 


*referenced to 10 m on prototype 
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Table 14. 

Normal Force and Maximum Pressure Difference 
for an Array Field with Various Fences, 

MC - 1, Corner Study 

File Name 

PC 

Array # 

a 

V 

AC* 
p max 

s /c 
max 

RllIOl 

1 

1 

35 

0.322 

0.77 

0.96 

SlllOl 

1 

2 

35 

0.421 

0.78 

0.96 

TlllOl 

1 

3 

35 

0.259 

0.34 

0.84 

R12101 

1 

1 

145 

-0.430 

-0.50 

0.43 

S12101 

1 

2 

145 

-0.550 

-0.64 

0.40 

T12101 

1 

3 

145 

-0.430 

-0.50 

0.27 

R11201 

2 

1 

35 

0.141 

0.27 

0.97 

S11201 

2 

2 

35 

0.172 

0.31 

0.97 

T11201 

2 

3 

35 

0.246 

0.50 

0.97 

R12201 

2 

1 

145 

-0.255 

-0.29 

0.43 

S12201 

2 

2 

145 

-0.283 

-0.34 

0.38 

T12201 

2 

3 

145 

-0.368 

-0.43 

0.29 

R11301 

3 

1 

35 

0.105 

0.20 

0.96 

S11301 

3 

2 

35 

0.140 

0.27 

0.96 

T11301 

3 

3 

35 

0.129 

0.22 

0.96 

R12301 

3 

1 

145 

-0.153 

-0.17 

0.43 

S12301 

3 

2 

145 

-0.217 

-0.27 

0.43 

T12301 

3 

3 

145 

-0.209 

-0.25 

0.43 


^referenced to 10 m on prototype 
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Table 15. Normal Force and Maximum Pressure Difference 

for an Array Field with Various Models, FC = 1 
and 4, Corner Study 


File Name 

MC 

FC 

a 

Array # 

V 

AC* 
p max 

s /c 
max 

R21101 

2 

1 

35 

1 

0.211 

0.67 

0.96 

S2U01 

2 

1 

35 

2 

0.599 

1.64 

0.96 

T2I101 

2 

1 

35 

3 

0.339 

0.53 

0.96 

R22101 

2 

1 

145 

1 

-0.571 

-0.67 

0.72 

S22101 

2 

1 

145 

2 

-1.022 

-1.19 

0.16 

T22101 

2 

1 

145 

3 

-0.659 

-0.74 

0.42 

R3U01 

3 

1 

35 

1 

0.322 

0.85 

0.96 

S31101 

3 

1 

35 

2 

0.207 

0.36 

0.96 

T31101 

3 

1 

35 

3 

0.182 

0.25 

0.96 

R32101 

3 

1 

145 

1 

-0.377 

-0.45 

0.04 

S32101 

3 

1 

145 

2 

•0.190 

-0.21 

0.74 

T32101 

3 

1 

145 

3 

-0.137 

-0.15 

0.61 

R01401 

0 

4 

35 

1 

0.323 

0.14 

0.82 

S01401 

0 

4 

35 

2 

0.255 

0.13 

0.83 

TO 1401 

0 

4 

35 

3 

0.186 

0.15 

0.83 

R02401 

0 

4 

145 

1 

-0.682 

-0.14 

0.73 

S02401 

0 

4 

145 

2 

-0.491 

-0.10 

0.77 

T02401 

0 

4 

145 

3 

-0.435 

-0.09 

0.76 


^referenced to 10 m on prototype 
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Table 

16. 

Normal Force and Maximum Pressure Difference 
for an Array Field wit.- a Fence, U^/c » 1.0, 
o = 60’ and 120" 


File Name 

a 

Array # 

1 

AC* 
p max 

s /c 
max 

N23401 

60 

1 

0.183 

0.12 

0.54 

N24401 

60 

2 

0.025 

0.04 

0.72 

N25401 

60 

5 

0.053 

0.05 

0.94 

N33401 

120 

1 

-0.165 

-0.10 

0.18 

N34401 

120 

2 

-0.015 

-0.06 

0.28 

N35401 

120 

5 

-0.048 

-0.05 

0.79 

*referenced to 

10 m 

on prototype 
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Table 18. List of Test Configurations 


File Nane 

Flow Profile 

WD 


Array 

H/c 

X 

a 

Arrjv » 

FC^ 

7 

Ml “ 

Uniform 1/7 th 

SinRle 

Multiple 

A02001 

/ 

0 

✓ 


0.23 

- 

20 

- 


n 

A03501 


0 

✓ 


0.25 

- 

35 

- 

- 

0 

A06001 

/ 

0 

✓ 


0.25 

- 

60 

- 

- 

0 

A09001 

/ 

0 

/ 


0.25 

- 

90 

- 

- 

0 

Al’OOl 

/ 

0 

/ 


0.25 

- 

120 

- 

- 

0 

A14501 

/ 

0 

/ 


0.25 

- 

145 

- 

- 

0 

A16001 

/ 

0 

4 


0.25 

- 

160 

- 

- 

0 

B0200X 

/ 

0 

4 


0.5 

- 

20 

- 

- 

0 

B06001 

/ 

0 

4 


0.5 

- 

60 

- 

- 

0 

B09001 

/ 

0 

4 


0.5 

- 

90 

- 

- 

0 

B12001 

✓ 

0 

4 


0.5 

- 

120 

- 

- 

0 

C16001 

/ 

0 

4 


0.5 

- 

160 

- 

- 

0 

C02001 

/ 

0 

4 


m 

- 

20 

- 

- 

0 

C03501 

/ 

0 

4 


m 

- 

35 

- 

- 

0 

C06001 

✓ 

0 

4 


m 

-* 

60 


- 

0 

r09001 

/ 

0 

4 


« 

- 

90 

- 

- 

0 

D02001 

/ 

0 


4 

0.25 

1.5c 

20 

1 

- 

c 

D02101 

/ 

0 


4 

0.25 

15c 

20 

2 

- 

0 

D02201 

/ 

0 


4 

0.25 

1.5c 

20 

5 

- 

0 

DOiSOi 

/ 

0 


4 

0.25 

1.5c 

35 

1 

- 

0 

DO 3601 

/ 

0 


4 

0.25 

l-5c 

35 

2 

* 

0 

DO 3 701 

/ 

0 


4 

0.25 

1.5c 

35 

5 

- 

0 

D14501 

/ 

0 


4 

0.25 

1.5c 

145 

1 

- 

0 

0146C1 

/ 

0 


4 

0.25 

1.5c 

145 

2 

- 

0 

D16001 

/ 

0 


4 

0.25 

1.5c 

160 

1 

- 

0 

D16101 

/ 

0 


4 

0.25 

1.5c 

160 

2 

- 

0 

E02001 

4 

0 


4 

0.25 

2.0c 

20 

1 

- 

0 

E02101 

/ 

0 


4 

0.25 

2.0c 

20 

2 

- 

0 

EO2201 

/ 

0 


4 

0.25 

2.Cc 

20 

5 

- 

0 

E03301 

4 

0 


4 

0.25 

2.0c 

35 

1 

- 

0 

E03601 

4 

0 


4 

0.25 

2.0c 

35 

2 

- 

0 

E03701 

4 

0 


4 

0.25 

2.0c 

35 

5 

- 

0 

£06001 

4 

0 


4 

0.25 

2.0c 

60 

1 

- 

0 

E06101 

4 

0 


4 

0.25 

2.0c 

60 

2 

- 

0 

E06201 

4 

0 


4 

0.25 

2.0c 

60 

5 

- 

0 

E09001 

4 

0 


4 

0.25 

2.0c 

90 

1 

- 

0 

E09101 

4 

0 


4 

0.25 

2.0c 

90 

2 

- 

0 

E09201 

4 

0 


4 

0.25 

2.0c 

90 

5 

- 

0 

E12001 

4 

0 


4 

0.25 

2.0c 

120 

1 

- 

0 

E12I01 

4 

0 


4 

0.25 

2.0c 

120 

2 

- 

0 

E12201 

4 

0 


4 

0.25 

2.0c 

120 

5 

- 

0 

tl4501 

4 

0 


4 

0.25 

2.0c 

145 

1 

- 

0 

E14601 

4 

0 


4 

0.25 

2.0c 

145 

2 

- 

0 

£14701 

4 

0 


4 

0.25 

2.0c 

145 

5 

- 

0 

E1600I 

4 

0 


4 

0.25 

2.0c 

160 

1 

- 

0 

E16101 

4 

0 


4 

0.25 

2.0c 

160 

2 

- 

0 

E16201 

4 

0 


4 

0.25 

2.0c 

160 

5 

- 

0 

F03501 

4 

0 


4 

0.25 

3.0c 

35 

1 

- 

0 


^defined tn Table 17 
2 

defirw-j In Figure 24 
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Table 18. (continued) 


File Name 

Flow Profile 

UD 

Array 

H/c 

X 

a 

Array # 

FC 

MC 

Uniform 

1/7 th 



F03601 

✓ 


0 



0.25 

3.0c 

35 

2 

- 

0 

F03701 

✓ 


0 


/ 

0.25 

3.0c 

35 

4 

- 

0 

F06001 

/ 


0 


/ 

0.25 

3.0c 

60 

1 

- 

0 

F06101 

/ 


0 


/ 

0.25 

3.0c 

60 

2 

- 

0 

F06201 

/ 


0 


>' 

0.25 

3.0c 

60 

4 

- 

0 

FI 2001 

/ 


0 


✓ 

0.25 

3.0c 

120 

1 

- 

0 

F12101 

/ 


0 


/ 

0.25 

3.0c 

120 

2 

- 

0 

F12201 

/ 


0 


/ 

0.25 

3.0c 

120 

4 

- 

0 

F14301 

/ 


0 


/ 

0.25 

3.0c 

145 

1 

- 

0 

F14601 

/ 


0 


/ 

0.25 

3.0c 

145 

2 

- 

0 

F14701 

/ 


0 


/ 

0.25 

3.0c 

145 

4 

- 

0 

G02001 


✓ 

0 

✓ 


0.25 

- 

20 

- 

- 

0 

C03501 


✓ 

0 

✓ 


0.25 

- 

35 

- 

- 

0 

C0600I 


/ 

0 

✓ 


0.25 

- 

60 

- 

- 

0 

C09001 


/ 

0 

/ 


0.25 


90 

- 

- 

0 

Cl 2001 


/ 

0 

/ 


0.25 

- 

120 

- 

- 

0 

C14501 


✓ 

0 

/ 


0.25 

- 

145 

- 


0 

C16001 


✓ 

0 

/ 


0.25 

- 

160 

- 

- 

0 

COllOl 


/ 

0 

/ 


0.25 

- 

35 

- 

7 

0 

C01201 


/ 

0 

/ 


0.25 

- 

35 

- 

8 

0 

G01301 


/ 

0 

/ 


0,2^ 

- 

35 

- 

1 

0 

G01401 


/ 

0 

/ 


0.25 

- 

35 

- 

9 

0 

GOISOI 


✓ 

0 

/ 


0.25 

- 

35 

- 

10 

0 

C02101 


/ 

0 

/ 


0.25 

- 

145 

- 

7 

0 

G02201 


/ 

0 

/ 


0.25 

- 

145 

- 

8 

0 

C02301 


/ 

0 

/ 


0.25 

- 

145 

- 

1 

0 

G02401 


✓ 

0 

/ 


0,25 


145 

- 

9 

0 

G02S01 


/ 

0 

/ 


0.25 

- 

145 

- 

10 

0 

HO 2001 


✓ 

0 


/ 

0.25 

1.5c 

20 

1 

- 

0 

H02101 


✓ 

0 


/ 

0.25 

1.5c 

20 

2 


0 

H02201 


✓ 

0 


/ 

0.25 

1.5c 

20 

S 

- 

0 

H03501 


✓ 

0 


/ 

0.25 

1.5c 

35 

1 


0 

U03601 


✓ 

0 


/ 

0.25 

1.5c 

35 

2 

- 

0 

H03701 


/ 

0 


✓ 

0.25 

1.5c 

35 

5 

- 

0 

H14501 


✓ 

0 


/ 

0.25 

1.5c 

145 

1 

- 

0 

H14601 


/ 

0 


/ 

0.25 

l.'ic 

145 

2 

- 

0 

H147C1 


/ 

0 


/ 

0.25 

1.5c 

145 

5 

- 

0 

H16001 


/ 

0 


/ 

0.25 

1.5c 

160 

1 

• 

0 

HI 6101 


/ 

0 


✓ 

0.25 

1.5c 

160 

2 

- 

0 

H16201 


/ 

0 


/ 

L.23 

1.5c 

160 

5 

- 

0 

102001 


/ 

0 


/ 

0.25 

2.0c 

20 

1 

- 

0 

102101 


/ 

0 


/ 

0.25 

2.0c 

20 

2 

- 

0 

102201 


/ 

0 


/ 

0.25 

2.0c 

20 

5 

- 

0 

I035C1 


/ 

0 


/ 

0.25 

2.0c 

35 

1 

- 

0 

103601 


r 

0 


/ 

0.25 

2.0c 

35 

2 

- 

0 

103701 


/ 

0 


» 

0.25 

2.0c 

35 

5 

- 

0 

106001 


/ 

0 


/ 

0.25 

2.0c 

60 

1 


0 

106101 


/ 

0 


✓ 

0.25 

2.0c 

60 

2 

- 

0 
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Table 18. (continued) 


File Name 

Flow Profile 

UD 

Array 

H/c 

X 

a 

Arr.iy # 

FC 

MC 

Uniform 1/7 th 

SinRle Multiple 

I0620I 

/ 

0 

✓ 

0.25 

2.0c 

60 

5 

- 

0 

109001 

4 

0 

/ 

0.25 

2.0c 

90 

1 

- 

0 

109101 

4 

0 

/ 

0.25 

2,0c 

90 

2 

- 

0 

109201 

4 

0 

✓ 

0.25 

2.0c 

90 

5 


0 

112001 

4 

0 

/ 

0.25 

2.0c 

120 

1 

- 

0 

112101 

4 

0 

4 

0.25 

2.0c 

120 

2 

- 

0 

112201 

4 

0 

4 

0.25 

2.0c 

120 

5 

- 

0 

114501 

4 

0 

4 

0.25 

2.0c 

145 

1 

- 

0 

114601 

4 

0 

4 

0.25 

2.0c 

145 

2 

- 

0 

114701 

4 

0 

4 

0.25 

2.0c 

145 

5 

- 

0 

116001 

4 

0 

4 

0.25 

2.0c 

160 

1 

- 

0 

116101 

4 

0 

4 

0.25 

2.0c 

160 

2 

- 

0 

116201 

4 

0 

4 

0.25 

2.0c 

160 

5 

- 

0 

J03501 

4 

0 

' / 

0.25 

3.0c 

35 

1 

- 

0 

J03601 

4 

0 

/ 

0.25 

3.0c 

35 

2 

- 

0 

J03701 

4 

0 

/ 

0.25 

3.0c 

35 

4 

* 

0 

J06001 

4 

0 

/ 

0.25 

3.0c 

60 

1 

- 

0 

J06101 

4 

0 

✓ 

0.25 

3.0c 

60 

2 

- 

0 

J06201 

4 

0 

/ 

0.25 

3.0c 

60 

4 

* 

0 

J12001 

4 

0 

/ 

0.25 

3.0c 

120 

1 


0 

J12101 

4 

0 

4 

0.25 

3.0c 

120 

2 

- 

0 

J12201 

4 

0 

4 

0.25 

3.0c 

120 

4 

- 

0 

J14501 

4 

0 

4 

0.25 

3.0c 

145 

1 

- 

0 

J14601 

4 

0 

4 

0.25 

3.0c 

145 

2 

- 

0 

J14701 

4 

0 

4 

0.25 

3.0c 

145 

4 

- 

0 

K03501 

4 

0 

4 

0.25 

2.0c 

35 

1 

5 

0 

K03601 

4 

0 

4 

0.25 

2.0c 

35 

2 

5 

0 

K03701 

4 

0 

4 

0.25 

2.0c 

35 

5 

5 

0 

K0900I 

4 

0 

4 

0.25 

2.0c 

90 

1 

5 

0 

K09101 

4 

0 

4 

0.25 

2.0c 

90 

2 

5 

0 

K09201 

4 

0 

4 

0.25 

2.0c 

90 

5 

5 

0 

K14501 

4 

0 

4 

0.25 

2.0c 

145 

1 

5 

0 

<14601 

4 

0 

4 

0.25 

2.0c 

145 

2 

5 

0 

<14701 

4 

0 

4 

0.25 

2.0c 

145 

5 

5 

0 

K16001 

4 

0 

4 

0.25 

2.0c 

160 

1 

5 

0 

K16101 

4 

0 

4 

0.25 

2.0c 

160 

2 

5 

0 

R16201 

4 

0 

4 

0.25 

2.0c 

160 

5 

5 

0 

L03501 

4 

0 

4 

0.25 

2.0c 

35 

1 

1 

0 

L03601 

4 

0 

4 

0.25 

2.0c 

35 

2 

1 

0 

^03701 

4 

0 

4 

0.25 

2.0c 

35 

5 

1 

0 

L09001 

4 

0 

4 

0.25 

2.0c 

90 

1 

1 

0 

L09101 

4 

0 

4 

0.25 

2.0c 

90 

2 

1 

0 

L09201 

4 

0 

4 

0.25 

2.0c 

90 

5 

1 

0 

L14501 

4 

0 

4 

0.25 

2.0c 

145 

1 

1 

0 

L14601 

4 

0 

4 

0.25 

2.0c 

145 

2 

1 

0 

L14701 

4 

0 

4 

0.25 

2.0c 

145 

5 

1 

0 

LI 6001 

4 

0 

4 

0.25 

2.0c 

160 

1 

1 

0 

L16101 

4 

0 

4 

0.25 

2.0c 

160 

2 

1 

0 
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Table 18. (continued) 


Flow Profile 

rile Name ,, 

Uniform 1/7 th 

WD 

Array 

SlnRle Multiple 

H/c 

X 

a 

Array 

FC 

MC 

L16201 

✓ 

0 

/ 

0.25 

2.0c 

160 

5 

1 

0 

H03S01 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

6 

0 

H0J601 

/ 

0 

✓ 

0.25 

2.0c 

35 

2 

6 

0 

H03701 

/ 

0 

J 

0.25 

2.0c 

35 

5 

6 

0 

M09001 

/ 

0 

/ 

0.25 

2.0c 

90 

1 

6 

0 

H09101 

/ 

0 

/ 

0.25 

2.0c 

90 

2 

6 

0 

M09201 

/ 

0 

✓ 

0.25 

2.0c 

90 

5 

6 

0 

H14301 

/ 

0 

✓ 

0.25 

2.0c 

145 

1 

6 

0 

m4601 

/ 

0 

✓ 

0.25 

2.0c 

145 

2 

6 

0 

H14701 

✓ 

0 

✓ 

0.25 

2.0c 

145 

5 

6 

0 

HI 6001 

/ 

0 

/ 

0.25 

2.0c 

160 

1 

6 

0 

H16101 

/ 

0 

/ 

0.25 

2.0c 

160 

2 

6 

0 

H16201 

✓ 

0 

/ 

0.25 

2.0c 

160 

5 

6 

0 

NOllOl 

✓ 

0 

, / 

0.25 

2.0c 

35 

1 

11 

0 

N0I201 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

12 

0 

N01301 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

13 

0 

N01401 

/ 

0 

i 

0.25 

2.0c 

35 

1 

14 

0 

NOISOI 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

15 

0 

N02101 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

11 

0 

N02201 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

12 

0 

N02301 

✓ 

0 

/ 

0.25 

2.0c 

145 

1 

13 

0 

N02401 

✓ 

0 

/ 

0.25 

2.0c 

145 

1 

14 

0 

N02501 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

15 

0 

NlllOl 

✓ 

0 

/ 

0.25 

2.0c 

35 

1 

7 

0 

N11201 

/ 

0 

✓ 

0.25 

2.0c 

35 

1 

8 

0 

N11401 

/ 

0 

J 

0.25 

2.0c 

35 

1 

9 

0 

Nil 501 

✓ 

0 

/ 

0.25 

2.0c 

35 

1 

10 

0 

N12101 

✓ 

0 

/ 

0.25 

2.0c 

145 

1 

7 

0 

N12201 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

8 

0 

N12401 

/ 

0 

✓ 

0.25 

2.V 

145 

1 

9 

0 

N12501 

/ 

0 


0.25 

2.0c 

145 

1 

10 

0 

N23401 

✓ 

0 

✓ 

0.25 

2.0c 

60 

1 

9 

0 

N24401 

✓ 

0 

/ 

0.25 

2.0c 

60 

2 

9 

0 

N25401 

/ 

0 

/ 

0.25 

2.0c 

60 

5 

9 

0 

N33401 

/ 

0 

/ 

0.25 

2.0c 

120 

1 

9 

0 

H34401 

✓ 

0 

/ 

0.25 

2.0c 

120 

2 

9 

0 

N35401 


0 

/ 

0.25 

2.0c 

120 

5 

9 

0 

001101 

/ 

0 

✓ 

0.25 

2.0c 

35 

2 

11 

0 

001201 

✓ 

0 

✓ 

0.25 

2.0c 

35 

2 

12 

0 

001301 

✓ 

0 

✓ 

0.25 

2.0c 

35 

2 

13 

0 

001401 

/ 

0 

✓ 

0.25 

2.0c 

35 

2 

14 

0 

001501 

/ 

0 

✓ 

0.25 

2.0c 

35 

2 

15 

0 

002101 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

11 

0 

002201 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

12 

0 

002301 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

13 

0 

002401 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

14 

0 

002501 

/ 

0 

✓ 

0.25 

2.0c 

145 

2 

15 

0 

ClllOl 

✓ 

c 

✓ 

0.25 

2.0c 

35 

2 

7 

0 
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Table 18. (continued) 


File Name 

Plov Proflla 

UD 


H/c 

X 

a 

Array # 

FC 

MC 

Uniform 1/7 th 

Slnsle Multiple 

011201 

/ 

0 

/ 

0.25 

2.0c 

35 

2 

8 

0 

011401 

✓ 

0 

/ 

0.25 

2.0c 

35 

2 

9 

0 

011501 

✓ 

0 

✓ 

0.25 

2.0c 

35 

2 

10 

0 

012101 

✓ 

0 

✓ 

0.25 

2.0c 

145 

2 

7 

0 

012201 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

6 

0 

012401 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

9 

0 

012501 

✓ 

0 

/ 

0.25 

2.0c 

145 

2 

10 

0 

P03501 

/ 

0 

(e«/ge) 

0.25 

2.0c 

35 

1 

1 

0 

P03601 

✓ 

0 

(e<4e) 

0.25 

2.0c 

35 

2 

1 

0 

P03701 

/ 

0 

(«4t) 

0.25 

2.0c 

35 

5 

1 

0 

P14501 


0 

(e<^e) 

0.25 

2.0c 

145 

1 

1 

0 

P14601 

✓ 

0 

(e<Ue) 

0.25 

2.0c 

145 

2 

1 

0 

P14701 

✓ 

0 

'(e<ue) 

0.25 

2.0c 

145 

5 

1 

0 

Q035O1 

/ 

0 

(eclge) 

0.25 

2.0c 

35 

1 

- 

0 

003601 

/ 

0 

(eJse) 

0.25 

2.0c 

35 

2 

- 

0 

Q03701 

/ 

0 

(e<4e) 

0.25 

2.0c 

35 

5 

- 

0 

014501 

✓ 

0 

(e^e) 

0.25 

2.0c 

145 

1 

- 

0 

Q1460i 

/ 

0 

(ecfee) 

0.25 

2.0c 

145 

2 

- 

0 

014701 

/ 

c 

(e*e) 

0.25 

2.0c 

145 

5 

- 

0 

ROllOl 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

1 

0 

R02101 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

1 

0 

R01201 

✓ 

45 

/ 

0.25 

2.0c 

35 

1 

2 

0 

R02201 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

2 

0 

ROUOl 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

3 

0 

R02301 

✓ 

45 

/ 

0.25 

2.0c 

145 

1 

3 

0 

ROUOl 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

4 

0 

W401 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

4 

0 

RiUOl 

✓ 

45 

✓ 

0.25 

2.0c 

35 

1 

1 

1 

R12101 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

1 

1 

R11201 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

2 

; 

R12201 

/ 

45 

✓ 

0.25 

2.0c 

145 

1 

2 


R11301 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

3 

1 

R12301 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

3 


R21101 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

1 

.. 

R22101 

/ 

45 

✓ 

0.25 

2.0c 

145 

1 

1 

2 

R31101 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

1 

3 

R32101 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

1 

3 

SOI 101 

✓ 

45 

/ 

0.25 

2.0c 

35 

2 

1 

0 

S02101 

/ 

45 

/ 

0.25 

2.0c 

145 

2 

1 

0 

S01201 

i 

45 

✓ 

0.25 

2.0c 

35 

2 

2 

0 

S02201 

f 

45 

✓ 

0.25 

2.0c 

145 

2 

2 

0 

SOI 301 

/ 

45 

/ 

0.25 

2.0c 

35 

2 

3 

0 

S02301- 

/ 

45 

/ 

0.25 

2.0c 

145 

2 

3 

0 

S01401 

/ 

45 

/ 

0.25 

2.0c 

35 

2 

4 

0 

802401 

/ 

45 

/ 

0.25 

2.0c 

145 

2 

4 

0 

811101 

/ 

45 

/ 

0.25 

2.0c 

35 

2 

1 

1 

812101 

/ 

45 

/ 

0.25 

2.0c 

145 

2 

1 

1 

S11201 

/ 

45 

✓ 

0.25 

2.0c 

35 

2 

2 

1 
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Table 18. (continued) 



S12201 

/ 

45 

4 

0.25 

2.0c 

145 

S11301 

/ 

45 

4 

0.25 

2.0c 

35 

S12301 

/ 

45 

4 

0.25 

2.0c 

145 

S21101 

/ 

45 

4 

0.25 

2.0c 

35 

S22101 

/ 

45 

4 

0.25 

2.0c 

145 

S31101 

/ 

45 

/ 

0.25 

2.0c 

35 

S32101 

/ 

45 

/ 

0.25 

2.0c 

145 

TOIZOI 

/ 

45 

4 

0.25 

2.0c 

35 

T02101 

/ 

45 

4 

0.25 

2.0c 

145 

T0120L 

/ 

45 

4 

0.25 

2.0c 

35 

T02201 

/ 

45 

4 

0.25 

2.0c 

145 

TOl 301 

/ 

45 

4 

0.25 

2.0c 

35 

T02301 

✓ 

45 


0.25 

2.0c 

145 

TOl 401 

/ 

45 

/ 

0.25 

2.0c 

35 

TQ24QI 

/ 

45 

/ 

0.25 

2.0c 

145 

TlUOl 

/ 

45 

4 

0.25 

2.0c 

35 

T12101 

/ 

45 

4 

0.25 

2.0c 

145 

TU201 

/ 

45 

4 

0.25 

2.0c 

35 

T12201 

✓ 

45 

4 

0.25 

2,0c 

145 

TU301 

/ 

45 

4 

0.25 

2.0c 

35 

T12301 

/ 

45 

4 

0.25 

2.0c 

145 

T2U01 

/ 

45 

4 

0.25 

2.0c 

35 

T2210X 

/ 

45 

4 

0.25 

2.0c 

145 

T3U01 

/ 

45 

4 

0.25 

2.0c 

35 

T32101 

J 

45 


0.25 

2.0c 

14: 

003501 

/ 

45 

4 

0.25 

2.0c 

35 

U03601 

J 

45 

4 

0.25 

?.0c 

35 

U03701 

/ 

45 

4 

0.25 

2.0c 

35 

U1450^ 

✓ 

45 

4 

0.25 

2.0c 

145 

U1460I 

/ 

45 

4 

0.25 

2.0c 

145 

U14701 

/ 

45 

4 

0.25 

2.0c 

145 

V03501 

/ 

45 

4 

0.25 

2.0c 

35 

V03601 

4 

45 

4 

0.25 

2.0c 

35 

V03701 

✓ 

45 

4 

0.25 

2.0c 

35 

V14501 

/ 

45 

4 

0.25 

2.0c 

145 

VI 4 601 

✓ 

45 

4 

0.25 

2.0c 

145 


VIA ’01 
WO3S0) 
WO 3601 
W03701 
W14501 
WlA^Ol 
W1A701 
X03501 
X0360V 
X)A50I 
x:A601 
20350* 


/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 


A5 

0 

0 

0 

0 

0 

0 


0 

0 

0 


✓ 

(et/ge) 

<e<fge) 

(edge) 

(edge) 

(e<4e) 

(edge) 

(e<ige) 

(edge) 

ie/ge) 

(ei/ge) 


0.25 

0,25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.35 


2.0c 

2.0c 

2.0c 

2.0c 

7.0c 

?.0c 

2.0c 

2.0^ 

2.0c 

2.0c 

2.0c 


145 

35 

35 

35 

145 

145 

145 

35 

35 

I4S 

145 

35 


Array If 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

5 

1 

2 

5 

1 

2 

1 

2 


PC HC 

? 1 

3 1 

3 1 

1 2 

1 2 

1 3 

1 3 

1 0 

1 0 

2 0 

2 0 

3 0 

3 0 

4 0 

4 0 

1 J 

1 1 

2 I 

2 1 

3 1 

3 ; 

1 2 

1 2 

1 3 

i 3 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

(1;?2) 

- <l;?2) 

■ a-.?2) 

“ (1:?2) 

* U:?2) 
^ ( 1 :? 2 ) 
‘ ( 1 : 12 ) 

* ():? 2 ) 

- a-.?2) 


0 


0.25 



^'82 




B-1 


APPENDIX B 


Pressure Data Referenced to 10 m on Prototype 
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This appendix presents the data supplenent consisting of the 
vclccit}' or.d turbuleat piofile uf lue iiununlfurs flow, the digitized 
pressure data referenced to 10 m on prototype and the various plots 
of pressure distribution along the chord of the solar array. 

Pressure coefficients are defined in Section 3.2 on the main 
report. The pressure tap nuri>ers shown in /^pendix B are defined 
that; on the upstream surface of the solar array, the number runs 
1 through 10 from the edge where s/c = 0, and on the downstream 
surface, 2C through 11. Hie file name for each test configuration 
is formulated as follows. 

C0NFI6URAT10H ^ IIINO OIR. 122 TU8IHG NO. X 



Force and model configurations are schematically explained in 
Figures 22 and 24 of the main report, respectively. Fence configu- 
rations are also tabulated in Table 17 of that report. 
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List of Run Configurations 


File Name 

Flow Profile 

UD 

Arra'^ 

H/c 



Array £ 

VO 

MC 

Uniform 1/7 th 


MuiCiple 

X 

a 

a w 

A0200X 

/ 

0 

/ 


0.25 

• 

20 

- 

- 

0 

A03501 

/ 

0 

/ 


0.25 

- 

35 

- 

- 

0 

A0600I 

✓ 

0 

/ 


0.25 

- 

60 

- 

- 

0 

A09001 

/ 

0 

/ 


0.25 

- 

90 

- 


0 

AI200I 

/ 

0 

/ 


0.25 

- 

120 

- 

- 

0 

A14501 

/ 

0 

/ 


0.25 

- 

145 

- 

- 

0 

A16001 

✓ 

0 

/ 


0.25 

- 

160 

- 

- 

0 

802001 

/ 

0 

/ 


0.5 

- 

20 

- 

- 

0 

B0600I 

✓ 

0 

/ 


C.5 

- 

60 

- 

- 

0 

B09001 

✓ 

0 

/ 


0.5 


90 

- 

- 

0 

B12001 

/ 

0 

/ 


0.5 

- 

120 

- 

- 

0 

816001 

/ 

0 

/ 


0.5 

- 

160 

- 


0 

C02001 

✓ 

0 

/ 


OB 

- 

20 

- 

- 

0 

C03501 

/ 

0 

/ 


o> 

- 

35 

- 

- 

0 

C0600X 

/ 

0 

/ 


a> 

- 

60 


- 

0 

C09001 

✓ 

0 

/ 


IV 

- 

90 

- 

- 

0 

D02001 

/ 

0 


/ 

0.25 

1.5c 

20 

1 

- 

0 

D02101 

/ 

0 


/ 

0.25 

1.5c 

20 

2 

- 

0 

D02201 

/ 

0 


✓ 

0.2j 

1.5c 

20 

5 

- 

0 

D03501 

/ 

0 


/ 

0.25 

1.5c 

35 

1 

- 

0 

D03601 

✓ 

0 


/ 

0.25 

1.5c 

35 

2 


0 

D03701 

/ 

0 


/ 

0.25 

1.5c 

35 

5 

- 

0 

D14501 

/ 

0 


/ 

0.25 

1.5c 

145 

1 


0 

014601 

/ 

* 

0 


/ 

0.25 

1.5c 

145 

2 

- 

0 

D16001 

/ 

0 


/ 

0.25 

1.5c 

160 

1 

- 

0 

D16101 

/ 

0 


/ 

0.25 

1.5c 

160 

2 

- 

0 

£02001 

£02101 

/ 

/ 

0 

0 


/ 

/ 

0.25 

0.25 

2.0c 

2.0c 

20 

20 

1 

2 

• 

0 

0 

£02201 

/ 

0 


/ 

0.25 

2.0c 

20 

5 

- 

0 

£03501 

/ 

0 


/ 

0.25 

2.0c 

35 

1 

- 

0 

£03601 

/ 

0 


/ 

0.25 

2 Oc 

35 

2 

- 

0 

£03701 

/ 

0 


/ 

0.25 

2.C 

35 

5 

- 

0 

£06001 

/ 

0 


/ 

0.25 

2.0v 

60 

1 

- 

0 

£06101 

/ 

0 


/ 

0.25 

2.0c 

60 

2 

- 

0 

£06201 

/ 

0 


/ 

0.25 

2.0c 

60 

5 

- 

0 

E09001 

/ 

0 


/ 

0.25 

2.0c 

90 

1 


0 

E09101 

/ 

0 


/ 

0.25 

2.0c 

90 

2 

- 

0 

E09201 

/ 

0 


/ 

0.25 

2.0c 

90 

5 

- 

0 

E12001 

/ 

0 


/ 

0.25 

2.0c 

120 

1 

- 

6 

£12101 

✓ 

0 


/ 

0.25 

2.0c 

120 

2 

- 

0 

E12201 

/ 

0 


/ 

0.25 

2.0c 

120 

5 

- 

0 

£14501 

/ 

0 


J 

0.25 

2.0c 

145 

1 

- 

0 

£14601 

/ 

0 


/ 

0.25 

2.0c 

145 

2 

- 

0 

£14 701 

/ 

0 


/ 

0.25 

2.0c 

145 

5 

- 

0 

£16001 

/ 

0 


✓ 

0.25 

2.0c 

160 

1 

- 

0 

£16101 

/ 

0 


/ 

0,25 

2.0c 

160 

2 

- 

0 

£16201 

/ 

0 


/ 

0.25 

2.0c 

160 

5 

- 

0 

F03501 

/ 

0 


/ 

0.25 

3.0c 

35 

1 ' 

- 

0 
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File hMi 

Flow Proaie 

UD 

Array 

H/c 

X 

a 

Array # 

FC 

MC 

Uniform 

X/7 th 


Hulclple 

F036O1 

✓ 


0 


✓ 

0.25 

3.0c 

35 

2 

- 

0 

F037C1 

/ 


0 


/ 

0.25 

3.0c 

35 

4 

- 

0 

F060(a 

✓ 


0 


/ 

0.25 

3.0c 

60 

1 

- 

0 

F061i)l 

/ 


0 


/ 

0.25 

3.0c 

60 

2 

- 

0 

F062C1 

/ 


0 


/ 

0.25 

3.0c 

60 

4 

- 

0 

?i:or»T 

/ 


0 


✓ 

0.25 

3.0c 

120 

1 

- 

0 

F'2l 

✓ 


0 


✓ 

0.25 

3.0c 

120 

2 

- 

0 

f: 1 

/ 


0 


/ 

0.25 

3.0c 

120 

4 

- 

0 

.J >01 

/ 


0 


✓ 

0.25 

3.0c 

145 

1 

- 

0 

FU^Ol 

/ 


0 


/ 

0.25 

3.0c 

145 

2 

- 

0 

fj; r>i 

✓ 


0 


✓ 

0.25 

3.0c 

145 

4 

- 

0 

CT2nn 


/ 

0 

/ 


0.25 

- 

20 

- 

* 

0 

G03bUl 


/ 

0 

/ 


0.25 

- 

35 

- 

• 

0 

G060 1 


✓ 

0 

✓ 


0.25 

- 

60 

- 

- 

0 

G091 1 


✓ 

0 

/ 


0.25 

- 

90 

- 


0 

"Clil 1 



0 

/ 


0.25 

- 

120 

- 

- 

0 

G16: '1 


✓ 

0 

✓ 


0.25 

- 

145 

- 

- 

0 

G16C.il 


✓ 

0 

✓ 


0.25 

- 

160 

- 

- 

0 

CUillOl 


/ 

0 

/ 


0.25 

- 

35 

- 

7 

0 

G01201 


y 

0 

/ 


0.25 

- 

35 

- 

8 

0 

G013U?. 


/ 

0 

✓ 


0.25 

- 

35 

- 

1 

0 

G01401 


/ 

0 

/ 


0.25 

- 

35 

- 

9 

0 

go: 501 


/ 

0 

/ 


0.25 

- 

35 

- 

10 

0 

G02101 


/ 

0 

/ 


0.25 

- 

145 

- 

7 

0 

G02201 


✓ 

0 

/ 


0.25 

- 

145 


8 

0 

t;02301 


/ 

0 

✓ 


0.25 

- 

145 

- 

1 

0 

;02401 


✓ 

0 

/ 


0.25 

- 

145 

- 

9 

0 

' 02501 


/ 

0 

/ 


0.25 

- 

145 


10 

0 

M20n 


/ 

0 


/ 

0.25 

1.5c 

20 

1 

- 

0 

H02101 


/ 

0 


✓ 

0.25 

1.5c 

20 

2 


0 

»0220l 


/ 

0 


✓ 

0.25 

1.5c 

20 

5 

- 

0 

H0350J 


/ 

0 


✓ 

0.25 

1.5c 

35 

1 

- 

0 

H0360] 


✓ 

0 


✓ 

0.25 

1.5c 

35 

2 

- 

0 

H03701 


/ 

0 


✓ 

0.25 

1.5c 

35 

5 

- 

0 

H14501 


/ 

0 


✓ 

0.25 

1.5c 

145 

1 

- 

0 

H16601 


/ 

0 


✓ 

0.25 

1.5c 

145 

2 


0 

H14701 


✓ 

0 


✓ 

0.25 

1. 5c 

145 

5 

- 

0 

H16001 



0 


✓ 

0.25 

1.5c 

160 

1 


0 

H16101 


* 

1 

0 



0.25 

1.5c 

160 

2 

- 

0 

H16201 


/ 

0 


✓ 

0.25 

1.5c 

160 

5 


0 

I02>31 


/ 

0 


✓ 

0.25 

2.0c 

20 

1 

- 

0 

102101 


/ 

0 


/ 

0.25 

2.0c 

20 

2 

- 

0 

102:01 


/ 

e 



0.25 

2.0c 

20 

5 

- 

0 

103" . 


/ 

0 


✓ 

0.25 

2.0c 

35 

1 

- 

0 

*601 


/ 

0 


✓ 

0.25 

2.0c 

35 

2 


0 

.UJ701 


/ 

0 


✓ 

0.25 

2.0c 

35 

5 

- 

0 

106001 


✓ 

0 


✓ 

0.25 

2.0c 

60 

1 

- 

0 

106101 


✓ 

0 


✓ 

0.25 

2.0c 

60 

2 

- 

0 




Pile Name 

Flow Froflle 

WD 

Array 

B/c 

X 

a 

Array # 

FC 

MC 

mggji miyaBM 

m 1 f ^ 1 > MTirri \ \ fW 


✓ 


✓ 

0.25 

2.0c 

60 

5 

- 

0 


/ 

0 

✓ 

0.25 

2.0c 

90 

1 

- 

0 

109101 

/ 

0 

/ 

0.25 

2.0c 

90 

2 

- 

0 

109201 

✓ 

0 

/ 

0.25 

2.0c 

90 

5 

- 

0 

112001 

✓ 

0 

/ 

0.25 

2.0c 

120 

1 

- 

0 

112101 

/ 

0 

/ 

0.25 

2.0c 

120 

2 

- 

0 

112201 

/ 

0 

/ 

0.25 

2.0c 

120 

5 

- 

0 

114501 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

- 

0 

114601 

/ 

0 

✓ 

0.25 

2.0c 

145 

2 

- 

0 

114701 

/ 

0 

/ 

0.25 

2.0c 

145 

5 

- 

0 

116001 

✓ 

0 

✓ 

0.25 

2.0c 

160 

1 

- 

0 

116101 

✓ 

0 

✓ 

0.25 

2.0c 

160 

2 

- 

0 

116201 

/ 

0 

✓ 

0.25 

2.0c 

160 

5 

- 

■1 

J03501 

/ 

0 

/ 

0.25 

3.0c 

35 

1 


0 

J03601 

✓ 

0 

✓ 

0.25 

3.0c 

35 

2 

- 

0 

J03701 

/ 

0 

/ 

0.25 

3.0c 

35 

4 

- 

0 

J06001 

/ 

0 

/ 

0.25 

3.0c 

60 

1 

- 

0 

J06101 

✓ 

0 

/ 

0.25 

3.0c 

60 

2 

- 

0 

J06201 

✓ 

0 

/ 

0.25 

3.0c 

60 

4 

- 

0 

J12001 

/ 

0 

/ 

0.25 

3.0c 

120 

1 

- 

0 

J12101 

/ 

0 

/ 

0.25 

3.0c 

120 

2 

- 

0 

JX2201 

✓ 

0 

/ 

C.25 

3.0c 

120 

4 

- 

0 

J14501 

✓ 

0 

/ 

0.25 

3.0c 

145 

1 

- 

r 

J14601 

✓ 

0 

✓ 

0.25 

3.0c 

145 

2 

- 

0 

J14701 

✓ 

0 

✓ 

0.25 

3.0c 

145 

4 

- 

0 

K03501 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

5 

0 

K03601. 

✓ 

0 

✓ 

0-25 

2.0c 

35 

2 

5 

0 

R03701 

✓ 

0 

✓ 

0.25 

2.0c 

35 

5 

5 

0 

K09OOI 

/ 

0 

/ 

0.25 

2.0c 

90 

1 

5 

m 

K09101 

/ 

0 

/ 

0.25 

2.0c 

90 

2 

5 

0 

R09201 

/ 

0 

/ 

0.25 

2.0c 

90 

5 

5 


R14501 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

5 

0 

R14601 

✓ 

0 

/ 

0.25 

2.0c 

145 

2 

5 

0 

K14701 

/ 

0 

/ 

0.25 

2.0c 

145 

c 

5 


K16001 

/ 

0 

/ 

0.25 

2.0c 

160 

1 

5 

0 

K16101 

/ 

u 

/ 

0.25 

2.0c 

160 

2 

5 

0 

K16201 

✓ 

0 

/ 

0.25 

2.0c 

160 

5 

5 

0 

t03501 

/ 

0 

✓ 

0.25 

2.0c 

35 

1 

1 

0 

L03601 

/ 

0 

/ 

0.25 

2.0c 

35 

2 

1 

0 

LO3701 

/ 

0 

✓ 

0.25 

2.0c 

35 

5 

1 

0 

L09001 

/ 

0 

/ 

0.25 

2.0c 

90 

1 

1 

0 

L09101 

/ 

0 

/ 

0.25 

2.0c 

90 

2 

1 

0 

L09201 

/ 

0 

/ 

0.25 

2.0c 

90 

5 

1 

0 

L14501 

✓ 

0 

/ 

0.25 

2.0c 

145 

1 

1 

0 

LI '4601 

/ 

0 

✓ 

0.25 

2.0c 

145 

2 

1 

0 

L14701 

/ 

0 

/ 

0.25 

2.0c 

145 

5 

1 

0 

L16001 

/ 

0 

✓ 

0.25 

2.0c 

160 

1 

1 

0 

L16101 

/ 

0 

/ 

0.25 

2.0c 

160 

2 

1 

0 















B-5 


File Name 

Flow Profile 
Uniform 1/7 th 

WD 

Array 

Slnftle Multiple 

H/c 

X 

a 

Array # 

FC 

MC 

L16201 

/ 

0 

/ 

0.25 

2.0c 

160 

5 

1 

0 

M0350I 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

6 

0 

H0360I 

✓ 

0 

✓ 

0.25 

2.0c 

35 

•» 

6 

0 

M03701 

/ 

0 

/ 

0.25 

2.0c 

35 

5 

6 

0 

M09001 

✓ 

0 

✓ 

0.25 

2.0c 

90 

1 

6 

0 

M0910L 

/ 

0 

/ 

0.25 

2.0c 

90 

2 

6 

0 

»fi)9201 

/ 

0 

/ 

0.25 

2.0c 

90 

5 

6 

0 

M14501 

✓ 

0 

✓ 

0.25 

2.0c 

145 

1 

6 

0 

* M1460X 

✓ 

0 

/ 

0.25 

2.0c 

145 

2 

6 

0 

MI4701 

/ 

0 

/ 

0.25 

2.0c 

145 

5 

6 

0 

M1600I 

/ 

0 

/ 

0.25 

2.0c 

160 

1 

6 

A 

U 

M16101 

/ 

0 

/ 

0.25 

2.0c 

160 

2 

6 

0 

M16201 

✓ 

0 

/ 

0.25 

2.0c 

160 

5 

6 

0 

NOllOl 

/ 

0 

✓ 

0.25 

2.0c 

35 

1 

11 

0 

M0120I 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

12 

0 

N01301 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

13 

0 

N0140I 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

14 

0 

N01501 

✓ 

0 

/ 

0.25 

2.0c 

35 

1 

15 

0 

N02101 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

11 

c 

N0220I 

/ 

0 

✓ 

0.25 

2.0c 

145 

1 

12 

0 

N0230I 

✓ 

0 

/ 

0.25 

2.0c 

145 

1 

n 

0 

N02401 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

14 

0 

N02301 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

15 

0 

NlllOl 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

7 

0 

N1120I 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

8 

0 

N11401 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

9 

0 

N11301 

/ 

0 

/ 

0.25 

2.0c 

35 

1 

10 

0 

M12I01 

/ 

0 

/ 

0.25 

2.0c 

145 

1 

7 

0 

N12201 

✓ 

0 

/ 

0.25 

2.0c 

145 

1 

8 

0 

N12401 

/ 

0 

✓ 

0.25 

2.0c 

145 

1 

9 

0 

N12301 

/ 

0 

✓ 

0.25 

2.0c 

145 

1 

10 

0 

N23401 

/ 

0 

/ 

0.25 

2.0c 

60 

1 

9 

0 

N2440I 

✓ 

0 

/ 

0.25 

2.0c 

60 

2 

9 

0 

N25401 

/ 

0 

✓ 

0.25 

2.0c 

60 

5 

9 

0 

N3340I 

/ 

0 

/ 

0.25 

2.0c 

120 

1 

9 

0 

N34401 

/ 

0 

/ 

0.25 

2.0c 

120 

2 

9 

0 

M35401 

/ 

0 

/ 

0.25 

2.0c 

120 

5 

9 

0 

001101 

/ 

0 

/ 

0.25 

2.0c 

35 

2 

11 

0 

001201 

/ 

0 

/ 

0.25 

2.0c 

35 

2 

12 

0 

001301 

/ 

0 

/ 

0.25 

2.0c 

35 

2 

13 

0 

001401 

/ 

0 

/ 

0.25 

2.0c 

35 

2 

14 

0 

001301 

✓ 

0 

/ 

0.25 

2.0c 

35 

2 

15 

0 

002101 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

11 

0 

002201 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

12 

0 

002301 

✓ 

0 

/ 

0.25 

2.0c 

145 

2 

13 

0 

002401 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

14 

0 

002301 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

15 

0 

011101 

✓ 

0 

/ 

0.25 

2.0c 

35 

2 

7 

0 



B-6 


File Name 

Flow Profile 

WD 

Array 

H/c 

X 

a 

Array # 

FC 

MC 

Uniform 1/7 th 


011201 

/ 

0 

/ 

0.25 

2.0c 

35 

2 

8 

0 

011401 

✓ 

0 

✓ 

0.25 

2.0c 

35 

2 

9 

0 

011501 

/ 

0 

✓ 

0.25 

2.0c 

35 

2 

10 

0 

012101 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

7 

0 

012201 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

8 

0 

012401 

✓ 

0 

/ 

0.25 

2.0c 

145 

2 

9 

0 

012501 

/ 

0 

/ 

0.25 

2.0c 

145 

2 

10 

0 

P03501 

/ 

0 


0.25 

2.0c 

35 

1 

1 

0 

F03601 

/ 

0 

(aw) 

0.25 

2.0c 

35 

2 

1 

0 

P03701 

/ 

0 

(e/p) 

0.25 

2.0c 

35 

5 

1 

0 

P14501 

/ 

0 

(ei&e) 

0.25 

2.0c 

145 

1 

1 

0 

Pi4eoi 

/ 

0 

(«4e) 

0.25 

2.0c 

145 

2 

1 

0 

P14701 

/ 

0 

(e^e) 

0.25 

2.0c 

145 

5 

1 

0 

Q03501 

/ 

0 

(e<^e) 

0.25 

2.0c 

35 

1 

- 

0 

Q03601 

/ 

0 

(e/p) 

0.25 

2.0c 

35 

2 

- 

0 

Q03701 

✓ 

0 

(aJge) 

0.25 

2,0c 

35 

5 

- 

0 

Q14501 

/ 

0 

(ei^Re) 

0.25 

2.0c 

145 

1 

- 

0 

Q14601 

/ 

0 

(«ige) 

0.25 

2.0c 

145 

2 

- 

0 

Q14701 

/ 

0 


0.25 

2.0c 

145 

5 

- 

0 

ROllOl 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

1 

0 

R02101 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

1 

0 

R01201 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

2 

0 

R02201 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

2 

0 

R01301 

✓ 

45 

/ 

0.25 

2.0c 

35 

1 

3 

0 

R02301 

✓ 

45 

/ 

0.25 

2.0c 

145 

1 

3 

m 

R01401 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

4 

0 

R02401 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

4 

0 

RlllOl 

/ 

45 

✓ 

0.25 

2.0c 

35 

1 

1 

1 

R12101 

/ 

45 

✓ 

0.25 

2.0c 

145 

1 

1 

1 

R11201 

/ 

45 

✓ 

0.25 

2.0c 

35 

1 

2 

1 

R12201 

/ 

45 

✓ 

0.25 

2.0c 

145 

1 

2 

1 

R11301 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

3 

1 

R12301 

/ 

4:« 

✓ 

0.25 

2.0c 

145 

1 

3 

1 

R21101 

/ 

45 

✓ 

0.25 

2.0c 

35 

1 

1 

2 

R22101 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

1 

2 

R31101 

/ 

45 

/ 

0.25 

2.0c 

35 

1 

1 

3 

R32101 

/ 

45 

/ 

0.25 

2.0c 

145 

1 

1 

3 

UlOl 

/ 

45 

/ 

0.25 

2.0c 

35 

2 

1 

0 

&02101 

✓ 

45 

/ 

0.25 

2.0c 

145 

2 

1 

0 

S01201 

/ 

45 

/ 

0.25 

2.0c 

35 

2 

2 

0 

S02201 

✓ 

45 

/ 

0.25 

2.0c 

145 

2 

2 

0 

SOI 301 

/ 

45 

/ 

0.25 

2.0c 

35 

2 

3 

0 

S02301 

✓ 

45 

/ 

0.25 

2.0c 

145 

2 

3 

0 

S01401 

/ 

45 

/ 

0.25 

2.0c 

35 

2 

4 

0 

S02401 

/ 

45 

✓ 

0.25 

2.0c 

145 

2 

4 

0 

SlllOl 

/ 

45 

/ 

0.23 

2.0c 

35 

2 

1 

1 

S12101 

✓ 

45 

/ 

0.25 

2.0c 

145 

2 

1 

1 

S11201 

/ 

45 

✓ 

0.25 

2.0c 

35 

2 

2 

1 






B-7 


File Name 

Flow Profile 

WD 

Array 

H/c 

X 

a 

Array 9 

FC 

MC 

Uniform 



S12201 


/ 

43 

/ 

0.25 

2.0c 

145 

2 

2 

1 

S11301 


✓ 

43 

✓ 

0.25 

2.0c 

35 

2 

3 

1 

S12301 


/ 

45 

/ 

0.25 

2.0c 

145 

2 

3 

1 

S21101 


/ 

45 

✓ 

0.25 

2.0c 

35 

2 

1 

2 

S22101 


/ 

45 

/ 

0.25 

2.0c 

145 

2 

1 

2 

S31X01 


/ 

43 

/ 

0.25 

2.0c 

35 

2 

1 

3 

S32101 


/ 

45 

/ 

0.25 

2.0c 

145 

2 

1 

3 

TOllOl 


✓ 

45 

✓ 

0.25 

2.0c 

35 

3 

1 

0 

T0210I 


✓ 

45 

✓ 

0.25 

2.0c 

145 

3 

1 

0 

T01201 


/ 

45 

✓ 

0.25 

2.0c 

35 

3 

2 

0 

TC2201 


/ 

45 

/ 

0.25 

2.0c 

145 

3 

2 

0 

T01301 


✓ 

45 

✓ 

0.25 

2.0c 

35 

3 

3 

0 

T02301 


/ 

45 

✓ 

0.25 

2.0c 

145 

3 

3 

0 

T01401 


/ 

45 

/ 

0.25 

2.0c 

35 

3 

4 

0 

T02401 


✓ 

45 

/ 

0.25 

2.0c 

145 

3 

4 

0 

TlllOl 


/ 

45 

/ 

0.25 

2.0c 

35 

3 

1 

1 

T12101 


✓ 

45 

/ 

0.25 

2.0c 

145 

3 

1 

1 

711201 


✓ 

45 

✓ 

0.25 

2.0c 

35 

3 

2 

1 

T12201 


✓ 

43 

/ 

0.25 

2.0c 

145 

3 

2 

1 

T11301 


✓ 

45 

✓ 

0.25 

2.0c 

35 

3 

3 

1 

T12301 


/ 

45 

/ 

0.25 

2.0c 

145 

3 

3 

1 

T21101 


/ 

45 

/ 

» .25 

2.0c 

3*^ 

3 

1 

2 

T2*.101 


/ 

45 

/ 

0.25 

2.0c 

14^ 

3 

1 

2 

T UlOl 


/ 

45 

/ 

0.25 

2.0c 

35 

3 

1 

3 

T32101 


/ 

45 

/ 

0.25 

2.0c 

145 

3 

1 

3 

U03301 


/ 

45 

/ 

0.25 

2.0c 

35 

1 

- 

0 

U03601 


/ 

45 

/ 

0.25 

2.0c 

35 

2 

• 

0 

U03701 


/ 

45 

/ 

0.25 

2.0c 

35 

3 


0 

U14501 


/ 

45 

/ 

0.25 

2.0c 

145 

1 

- 

0 

U14601 


/ 

45 

/ 

0.25 

2.0c 

145 

2 

- 

0 

U14701 
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APPENDIX C 

Plots of Pressure Distribution along Chord of Solar Array 
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Plot 2-2-2. Multiple Arrays without Fence, Nonunifom Flow Study 
Effect of Separation Distance 
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Plot 2-2-2. (Concluded) 
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Plot 3-1. Multiple Arrays with Fence 
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FRONT AND PACK PPE3SURES ON ARRAY #| WITH K«2C, AND WJ <5 FRONT AND BACK PRFr'SljRE.S ON ARRAY ♦! WITH X-2C, AND WINO-45 

EFFECT OF TAP LOCATTON, ALPHA-3'5. H-3* D-10*. FC-f, AN. O0X EfM<.T OF TAP laCAriorJ. AlPHA-t4b. H-3*, D-10*. FC-I, AND P-30K 

Plot 5-2-2. Corner Study, WD • 45% Effect of Model Modification 
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FRONT AND BACK PRESSWJES ON ARMY #3 WITH X-2C. AN© UZM»>4S FRONT AN© BACK PRCSSURCS ON ARRAY «3 WITH X»2C, AND HXNObAS 

EFFECT OF tap LOCATION, ALPHA«3S. H«3*, D-18*, FC-3, AND P-30X El FfcCT OF TAP LOCATIIW, ALPHA«MS, H-3*, 0«I0". FC-3, AND Pb3AX 
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FRACTION OF CHORD - S/C FRACTION OF CHORD - S/C 

FRONT AND faAO. PRESSURES 3.6* IN FROM EDGE OF ARRAY3J; WIND-45 FRONT AND BACK PRESSURES 3.8* IN FROM ED6E OF AKRAV8I; WIND-45 

EFFECT OF FC WITH AiPMA-35. H-3*. O-(0\ P-30X. AND X-2C EFFECT OF FC WITH ALPHA-145, H-3*, D-10', P-30!!, AND X-2C 

Plot 5-2-3. Corner Study, WD <■ 45°, Modified Model with Solid Extension 
Effect of Fence Configuration 
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FRONT AND BACK PRE' ^URES 3. 6’ IN FROM EDGE OF ARRAY#3; WIN0-4S FK0t<T AND BACK PREfPURES J.B* IN FROM EDGE OF ARRAY#3; WIND-4S 

EFFECT OF FC WITH ALPHA-3S, H«3*. 0-10*. P-3C;S, AND X-2C EFFECT OF FC WITH ALPfW«M5, H-3*, D-18*, P-3P'«^ AND X-2C 
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Plot 5-3-1. Corner Study. UD -45*, Modified Model with Various Extension 
Effect of Array Position 
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TRurlT AND BACK PRfSSURCS ON ARRAYS; X - 2C, WIND - AS FRONT AND BACK PRESSURES ON ARRAYS; X - 2C, WIND 

EFFECT OF EXTENSIONS; ARRAY - !, ALPHA - 3S, FC -I EFFECT OF EXTENSIONS; ARRAY - 2 mLPHA - 3S, FC 

Plot 5-3“2. Corner Study, WD - 45°, Modified Model with Various Extension 
Effect of Model Configuration 
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